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Disclaimer

This information was prepared as an account of work sponsored by an
agency of the U.S. Government. Neither the U.S. Government nor any agency
thereof, nor any of their employees, makes any warranty, expressed or implied,
or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness, of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. References
herein to any specific commercial product, process, or service by trade name,
trade mark, manufacturer, or otherwise, does not necessarily constitute or imply
its endorsement, recommendation, or favoring by the U.S. Government or any
agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the U.S. Government or any agency thereof.




EXECUTIVE SUMMARY

High temperature reactors (HTRs) have been considered since the 1940s and have been constructed
and demonstrated in the United Kingdom (Dragon), United States (Peach Bottom and Fort Saint Vrain),
Japan (HTTR), Germany (AVR and THTR-300), and have been the subject of conceptual studies in
Russia (VGM). The attraction to these reactors is that they can use a variety of reactor fuels, including
abundant thorium, which upon reprocessing of the spent fuel can produce fissile U-233. Hence, they
could extend the stocks of available uranium provided the fuel is reprocessed. Another attraction is that
HTRs typically operate at a much higher temperature than conventional light water reactors (LWRs),
because of the use of high melting-point pyrolytic carbon and silicon carbide coated (TRISO) fuel
particles embedded in ceramic graphite. Rather than simply discharge most of the unused heat from the
working fluid in the power plant to the environment, engineers have been designing HTRs for 40 years to
recover heat and make it available for district heating or chemical conversion plants. Demonstrating high-
temperature nuclear energy conversion was the purpose behind Fort Saint Vrain in the United States,
THTR-300 in Germany, HTTR in Japan, and HTR-10 and HTR-PM being built in China. This resulted in
nuclear reactors at least 30% or more thermodynamically efficient than conventional LWRs, especially if
the waste heat can be effectively utilized in chemical processing plants.

A modern variant of high temperature reactors is the Pebble Bed Modular Reactor (PBMR).
Originally developed in the United States and Germanys, it is now being redesigned and marketed by the
Republic of South Africa and China. What is interesting about this reactor is that the fuel is not integral
hexagonal (prismatic) blocks of graphite with embedded uranium carbide fuel particles, but instead
consists of small 6 cm diameter spheres or pebbles, roughly the size and shape of tennis balls. In the
current scheme, the fuel is fed into the reactor from a fresh fuel storage bin, recirculated up to six times to
achieve optimum burn-up, and then flows out of the reactor into spent fuel storage bins. The International
Atomic Energy Agency (IAEA) that safeguards nuclear reactors worldwide considers the conventional
LWR an “item facility,” because the fuel is discrete and integral and can be randomly identified and
verified as an item. The new PBMR and related reactors are more like a “bulk material facility,” in which
the fuel is in bulk form — as stored in fresh fuel drums, the core, and spent fuel storage bins.

Since the PBMR design is expected to be less expensive and easier to market to developing countries
than LWRs, the U.S. DOE/NNSA Office of NA-243 commissioned a group of American international
nuclear safeguards experts and technologists to consider the unique nuclear safeguards implications that
would be posed by the spread of the PBMR design. The manufacturer of the reactor, PBMR (Pty.) Ltd.,
hopes to begin construction of the flagship reactor in 2014 operation in 2018. Thereafter, the firm hopes
to start-up follow-on reactors every two years, depending on customer demands. Specific orders for the
PBMR have not yet been made public, although it is assumed that the South African national electric
utility, Eskom, will be a major customer. Countries that have inquired of PBMR (Pty.) Ltd. regarding the
nuclear reactor include: Turkey, Chile, Argentina, Peru, Brazil, Indonesia, Malaysia, Vietnam, Nigeria,
Ghana, Tunisia, and Algeria. Kenya, Uganda, Egypt, Morocco, and Namibia also have publicly declared
intentions to develop nuclear power and could be potential customers for the PBMR as well. Current
investors in the PBMR include the South African Government, Eskom, Industrial Development
Corporation of South Africa Ltd. (IDC), Westinghouse Electric Company (WEC), and Exelon. The
investors have spent an estimated 7 billion Rand (US$ 860 million) to demonstrate the PBMR since 1999,
with the South African Government being the major investor.

The DOE National Laboratory PBMR Safeguards Team examined the PBMR and reviewed
safeguards considerations for this basic reactor type. The following is a preliminary report on this topic
prepared under the ASA-100 Advanced Safeguards Project in support of the NNSA Next Generation
Safeguards Initiative (NGSI). It is considered a preliminary report because the South African PBMR is
being down-sized and redesigned for enhanced energy recovery and to make it more affordable to
potential customers. Consequently, the design may not be finalized for one to two more years.



Nonetheless, the fundamental safeguards issues are inherent to the bulk nature of the fuel and on-load
refueling of the PBMR, which are still worthy of discussion, even in a preliminary report.

Based on the fundamental aspects and current design of the PBMR, the National Laboratory
PBMR Safeguards Team drew the following conclusions:

1. The IAEA Safeguards Criteria does not fit the Pebble Bed Modular Reactor, under the
categories of light water reactor (LWR), on-load refueled reactor (OLR, i.e. CANDU), or “Other.”
Because the nuclear fuel is dispersed across such a large bulk of material, it could be classified as a
“bulk-fuel reactor,” and unique safeguards criteria should be developed for this reactor type by the
TAEA, in cooperation with affected IAEA Member States, and international safeguards partners, such
as U.S. DOE and NNSA.

2. In developing the new safeguards criteria, the IAEA should consider the bulk nature of the fuel.
The traditional requirement to identify discrete fuel assemblies in the LWR, OLR or Other-type
reactors, and verify those randomly for uranium, U-235, plutonium, and/or thorium content, does not
seem feasible or relevant in the case of the PBMR. Verification of the fresh, core and spent fuel are
more akin to U-235 or plutonium verification in a uranium or MOX fuel fabrication plant.
DOE/NNSA should work with the IAEA to make certain that this aspect is practically addressed, and
that undue emphasis is not placed on the identification and verification of individual fuel pebbles.

3. The ideal safeguards approach appears to be a hybridized approach employing fuel flow
monitoring, redundant advanced containment and surveillance, and bulk nuclear material accountancy
and verification techniques. This layered approach would provide a safeguards “defense in depth”
that the item facility and bulk facility approach cannot provide alone.

4. The IAEA originally considered whether nuclear material in spent PBMR fuel was
irrecoverable because of the highly refractory nature of the fuel. However, reprocessing of similar
HTGR fuel has been demonstrated in the United States at the Idaho Chemical Processing Plant
(ICPP). Consequently, the recovery of plutonium and uranium from PBMR spent fuel must be
considered possible, although technically challenging. This has been confirmed by a separate Idaho
National Laboratory (INL) report on the subject.

5. Close cooperation between PBMR (Pty) Ltd., the IAEA, DOE/NNSA, and the DOE National
Laboratories to develop a safeguards approach, is essential to address the unique nature of the
PBMR (i.e., continuous on-load refueling with nuclear fuel in bulk form).

Based on the conclusions noted, the National Laboratory PBMR Safeguards Team recommends
the following next steps to NNSA, in relative order of priority:

Near-term (6 Months to 1 Year)

1. Recommend to the IAEA Department of Safeguards, Operations Division SGOB and the
Division of Concepts and Planning (SGCP), the development of new safeguards criteria better
suited to safeguarding the PBMR and other bulk-fuel reactors. This recommendation has previously
been supported by the IAEA when the development of the PBMR was first made public.

2. Support the National Laboratory PBMR Safeguards Team to re-evaluate the safeguards
considerations and optimum safeguards approach for the reactor, once the redesign of the reactor has
been finalized.

3. Request a detailed briefing from the reactor developer, PBMR (Pty.) Ltd., to review the recent
design changes so that NNSA can help support PBMR safeguards by focusing research and
development in support of safeguards tools and equipment amenable to improving the safeguarding of
this and related bulk-fuel reactors likely to be marketed.
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4. Raise the PBMR safeguards issues and concerns noted to PBMR (Pty.) Ltd. so reactor designers

can make provisions for the proposed safeguards systems including: the IAEA Next Generation
Surveillance System (NGSS), EOSS next generation sealing system, and custom designed fuel flow
monitors. The facility design should also accommodate the tracing and verification of the extensive
fuel transfer system during the IAEA design information examination and verification activity
(DIE/DIV). The designer should consider how the extensive fuel transfer paths would be re-verified
by the IAEA, once the facility goes hot and operational. The redesign of the reactor allows a window
for more detailed and timely nuclear safeguards input in keeping with the concept of Safeguards-by-
Design.

Mid-term (1 to 3 Years)

1.

Continue to support development and optimization of: i) techniques to verify the plutonium
content or radiation attributes of spent fuel pebbles, ii) burn-up computer codes for PBMR
spent fuel, and iii) bulk verification techniques for PBMR spent fuel storage bins. The need to re-
verify the spent fuel storage bins at some point in the future is likely, and the IAEA will need the
tools to perform this task — which they do not presently have. More accurate non-destructive assay
techniques for verifying the recirculating PBMR core and spent fuel could ultimately lead to a
continuous on-line assay system that could be used jointly by the inspector for safeguards purposes
and plant operator for monitoring fuel burn-up and reactor performance. The first two issues are
currently being supported by NA 24, but the third item has not previously been defined as a need.

Continue to support development of the IAEA Next Generation Surveillance System (NGSS),
which would greatly aid the implementation of safeguards at the PBMR and other nuclear facilities
under IAEA safeguards.

Continue to support the development and vulnerability testing of the next generation IAEA
Electro-Optical Sealing System (EOSS), which would greatly aid the implementation of safeguards
at the PBMR and other nuclear facilities under IAEA safeguards.

Support the development of effective fuel flow monitors for the PBMR. The optimized design of
the flow monitors will depend on the results of the PBMR spent fuel characterization and modeling
studies currently in progress. For the PBMR safeguards approach to be effective, the flow monitors
need to be able to reliably discriminate between irradiated graphite moderator spheres, fresh fuel, low
burn-up fuel, and high burn-up spent fuel. This has yet to be practically demonstrated.

Long-term (3 to 5 years)

1.

Recommend that the IAEA begin field design information examination and verification
(DIE/DIV) of the reactor as soon as construction begins, tentatively scheduled for 2014.

During the DIE/DIV, recommend that the IAEA pay particular attention to the verification and
testing of the numerous fuel flow monitors and the need for bulk volume measurement systems,
especially for the spent fuel bins, used fuel bin, graphite ball storage bin, damaged fuel bins, etc.

Support the IAEA in developing an effective safeguards approach for the PBMR, which needs to
be implemented prior to the 2018 start-up of the demonstration reactor in Koeberg, South Africa.
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Nuclear Safeguards
Considerations For The Pebble
Bed Modular Reactor (PBMR)

1. INTRODUCTION

1.1 History and Evolution of High Temperature Gas Reactors
(HTGR)

High temperature reactors (HTRs) have been considered since the 1940s, and have been constructed
and demonstrated in the United Kingdom (Dragon), United States (Peach Bottom and Fort Saint Vrain),
Japan (HTTR), China (HTR-10), Germany (AVR and THTR-300), and have been the subject of
conceptual studies in Russia (VGM).' The attraction to these reactors is that they can use a variety of
reactor fuels, including abundant thorium, which, upon reprocessing of the spent fuel, can produce fissile
U-233. > ? Consequently, they could extend the stocks of available uranium, provided the fuel is
reprocessed. Another attractive attribute is that they typically operate at a much higher temperature than
conventional light water reactors (LWR), because of the use of high melting-point pyrolytic carbon and
silicon coated (TRISO) fuel particles embedded in a graphite matrix.* Rather than simply discharge most
of the unused heat from the working fluid in the power plant to the environment, engineers have been
designing reactors for 40 years to recover this heat and make it available for district heating or chemical
conversion plants. This was the demonstrated purpose behind Fort St. Vrain in the United States, THTR-
300 in Germany, HTTR in Japan, and HTR-10 and HTR-PM being built in China. Achieving higher
energy conversion would result in a reactor that is at least 30% or more thermodynamically efficient than
conventional LWRs, especially if the waste heat could be effectively utilized in chemical processing
plants.

The concept of an HTR pebble bed reactor was originally envisioned by a researcher for the U.S.
Atomic Energy Commission (AEC) in 1944, who patented the idea in the United States after
declassification.” ®” Prior to declassification, the AEC had sponsored thermal-hydraulic analyses of the
concept at the Atomic Energy Commission’s Oak Ridge National Laboratory (ORNL).® The AEC
sponsored the development of conceptual designs for both a power reactor and an experimental reactor in
the late 1950s, before deciding to solely pursue the Peach Bottom prismatic-HTR, which had more
industrial support. >'*'" In the early 1960s, the AEC authorized ORNL to pursue joint development of the
pebble bed HTR with German researchers at the Federal Republic of Germany’s Nuclear Research Center
(KFA) in Jiilich. The concept was separately patented in Europe and developed as a commercial product
by Brown, Boveri, and Cie Aktiengesellschaft in Germany. 1213 From 1962 until the late 1980s, ORNL
and KFA-Jiilich cooperated under a series of Cooperation Agreements between the United States and the
Federal Republic of Germany. These included researching aspects of the HTR fuel cycle, coated particle
fuel development, and fuel reprocessing technologies for the highly enriched uranium/thorium (HEU/Th)
fuel that was the primary candidate fuel for HTRs until the late 1970s. KFA-Jiilich also participated in the
British led Dragon Project, under the auspices of the Organization for Economic Cooperation and



Development (OECD), which refocused development toward using low-enriched uranium (LEU) in place
of HEU in the 1970s.

A modern variant of the HTGR is the Pebble Bed Modular Reactor (PBMR), originally developed by
the United States and Germany, but now being redesigned and marketed by the Republic of South Africa
and China. What is interesting about this reactor is that the fuel is not integral hexagonal (prismatic)
blocks of graphite with embedded uranium carbide fuel particles, but instead consists of small 6 cm
spheres or pebbles, roughly the size and shape of tennis balls. In the current scheme, the fuel is fed into
the reactor from a fresh fuel storage bin, and recirculated at least six times to allow optimum fuel burnup.
It then flows out of the reactor into spent-fuel storage bins. The International Atomic Energy Agency
(IAEA), which safeguards nuclear reactors worldwide, considers the conventional LWR an “item
facility,” because the fuel is discrete and integral can be individually identified and verified. The new
PBMR and related reactors are more like a “bulk material facility,” in which the fuel is in bulk form — as
stored in the fresh fuel bins, the core, and in the spent fuel bins. Since the PBMR design is expected to be
less expensive and easier to market to developing countries than LWRs, the NNSA Office of NA-243
commissioned a group of American international nuclear safeguards experts and technologists to consider
the unique nuclear safeguards implications that would be posed by the spread of this particular reactor.

The manufacturer of the reactor, PBMR (Pty) Ltd., hopes to begin construction of the flagship reactor
in 2014 and its operation in 2018.'* Thereafter, the firm hopes to start-up follow-on reactors every two
years, depending on customer demand. Specific orders for the PBMR have not yet been made public,
although it is assumed that Eskom, the South African national electrical utility, would be a major
customer. Countries that have inquired of PBMR (Pty) Ltd. regarding the PBMR include: Turkey, Chile,
Argentina, Peru, Brazil, Indonesia, Malaysia, Vietnam, Nigeria, Ghana, Tunisia, and Algeria. Kenya,
Uganda, Egypt, Morocco, and Namibia also have publicly declared intentions to develop nuclear power
and could be potential customers for the PBMR as well."> Current investors in the PBMR include the
South African Government, Eskom, Industrial Development Corporation of South Africa Ltd. (IDC),
Westinghouse Electric Company (WEC), and Exelon. The investors have spent an estimated
7 billion Rand (US $860 million) to demonstrate the PBMR since 1999, with the South African
Government being the largest investor.

In the course of this study, the DOE National Laboratory Team examined the PBMR and reviewed
safeguards considerations for this basic reactor type. The following report is a preliminary report that
addresses these issues and was prepared under the ASA-100 Advanced Safeguards Project in support of
the NNSA Next Generation Safeguards Initiative (NGSI)."° It is considered a preliminary report, because
the South African PBMR is being redesigned for enhanced energy recovery and to make it more
affordable. Consequently, the design may not be finalized for one to two more years. Nonetheless, the
National Laboratory Team believes that the fundamental safeguards issues are inherent to the on-load
refueling of the reactor with nuclear fuel in bulk form, which are still worthy of discussion, even in a
preliminary report.

The intent of this study is to aid the IAEA in the further development and optimization of their model
safeguards approach for this new reactor type. At the May, 2009 meeting of the United States Support
Program to the IAEA in Vienna, Austria, the [AEA Department of Safeguards indicated that they would
wait to see the features of the redesigned PBMR, before they revisit the further development or
modification of the IAEA Model Safeguards Approach for the PBMR.'” Despite not having a finalized
PBMR design, the National Laboratory PBMR Safeguards Team studied this reactor to better understand
the unique safeguards issues. The redesign period may also be fortuitous. The National Laboratory PBMR
Safeguards Team identified a number of safeguards issues, which could potentially be considered and
addressed by PBMR (Pty) Ltd. during this period, such as making provisions for the new safeguards
containment and surveillance systems and fuel flow monitors, considered essential to the safeguards
approach. It also allows the designer to make provisions to facilitate the IAEA design information



examination and verification activity (DIE/DIV), especially for the extensive fuel transfer system. More
will be said about this in Section-4.5, “Safeguards-by-Design Considerations.”

Table 1 lists the PBMR and related reactors that have been planned or constructed since the 1960s. Of
these, only the HTR-10 is operational, although roll-out of the South African PBMR has been announced

by PBMR Ltd. for 2018.

Table 1: Worldwide PBMR and Related Reactors (Source — Los Alamos National Laboratory)

Reactor VGM AVR THTR PBMR HTR-10 | HTR-PM
USSR
Country (Russia) |Germany| Germany | South Africa| China China
Operation Start Date NA 1967 1984 2018 2004 TBD
Operation Finish Date NA 1988 1990 TBD TBD TBD
Rated Power (MW'th) 250 46 750 400 10 2 x 250
Number of Pebbles in core 40,000 670,000 452,000 27,000
Pebble Diameter (cm) 6 6 6
0.96g U-235
U HM/pebble 7.0 7.0 10.2g Th 9.0 5.0
U enrichment (%235) 6.5-10.0 | 10.6 5.7-9.6 17 8.9
Pebble Flow Rate (/day) 500 100
Number of core passes in
Pebble Lifetime 6-10 0
Discharge Rate (/day) 490 0
Discharge Burnup
(GWd/tonne) ~65 ~65 90.8 80
Pu/pebble at discharge (g) 0.114 0.08




1.2 Pebble Bed Modular Reactor — A Reactor for the Future?

The Republic of South Africa (South Africa) and the People’s Republic of China are both developing
and planning to market a modular high temperature nuclear reactor that they believe will be more
affordable and more suitable for developing countries. Worldwide nuclear power projections expect this
market to become the foundation for future nuclear expansion, especially in South Asia, Africa, and the
Near East. Although China also has an interest, in its high temperature reactor production model (HTR-
PM) and has developed a 10 MWth test version, the HTR-10, this study focuses on the South African
PBMR. The study concentrates on the overarching safeguards features of this generic reactor type, which
can be best described as a “Bulk-Fuel Reactor.”

From the perspective of the suppliers, the main selling features of the PBMR compared to the
conventional LWR are’!

e Smaller, more modular design and construction (ranging from 165 MWe to 80 MWe)*

¢ Amenable to incremental expansion (especially suitable for newly developed areas)

e Shorter construction and financing cycles, because of the modular construction (four to two years)

¢ Higher thermodynamic energy conversion efficiency (at least 30% higher than conventional LWRs)
¢ Competitive and affordable electrical generating cost per MW

e Highly refractory spent nuclear fuel, which is challenging to reprocess for extracting plutonium.

Although historically, neither South Africa, nor China have been significant suppliers of nuclear
reactors or technology, this could change in the 21* century. Twenty years ago, China was seen as a
populous country, but not the economic super power and trading partner it is today. With this in mind,
consideration of an optimized safeguards approach for the PBMR is a relevant topic for international
nuclear safeguards discussion — especially if the Chinese are eager to enter the market for selling modular
nuclear reactors of this generic design.

* The original design of the South African PBMR was a 400 MWth (165 MWe) modular nuclear reactor with on-
load refueling, using spherical fuel pebbles. In the course of this preliminary safeguards study, the makers of the
reactor, PBMR Ltd., announced that they would down-size the reactor from 165 MWe to 80 MWe.



Regarding the South African PBMR, a reactor ranging in size from 165 MWe to 80 MWe is being
considered. '"*° The reactor would be a high-temperature, helium gas cooled reactor, modularly
prefabricated and erected on site, to permit easier licensing and expansion for increased power
production. The fuel will consist of highly refractory 6 cm diameter spheres, made of a proprietary
technology that uses TRISO, 0.5 mm diameter UQO, fuel kernels. This will permit the reactor to operate
well above the normal operating temperatures of LWRs, which also results in its higher energy
conversion efficiency, and discharge of waste heat that could be recovered for use in chemical conversion
processes. A cross-sectional view of the 400 MWth (165 MWe) PBMR is shown below, with the tall
reactor pressure vessel shown in the center. The fresh fuel feed location would be to the right of the
facility, as shown above the reactor head, to permit gravity feeding of fuel pebbles to the reactor. The six
spent-fuel storage bins would appear to the lower left hand corner in sub-basement levels.

Figure 1: Cross-sectional View of 165 MWe PBMR Reactor Building (Source — PBMR Ltd., ca. 2008)

The fuel would be more highly enriched than typical LWR fuel, being on the order of 9.6% U-235,
although the uranium content per sphere is miniscule at 9 grams. The fuel spheres are approximately the
size and shape of tennis balls. In the 165 MWe design, the reactor core would have approximately
452,000 fuel sphere “pebbles,” containing approximately 5.5 significant quantities (SQ) " of U-235 in the
form of low-enriched uranium (LEU) and 5.3 significant quantities of plutonium. *' Fuel is continuously
added and drained from the reactor core at steady-state, at the rate of approximately 500 pebbles per day.

" The significant quantity (SQ) is a quantity defined by the International Atomic Energy Agency (IAEA) that
represents approximately the amount of fissile nuclear material required to fabricate a simple atom bomb and
accounts for material lost in the chemical conversion and machining steps. An SQ of low-enriched uranium (U-235
< than 20%), is 75 kg of U-235 in the form of LEU. An SQ of plutonium is 8 kg.



The following is a detailed technical description of the South African PBMR feed and core fuel
transfer, as excerpted from Reference-19, based on the 165 MWe PBMR design:

The core contains nominally 452,000 spheres, and loading is done on-line. Fuel is introduced into the
core through three lines at the top of the reactor, and is extracted from the reactor through three
defueling chutes at the bottom. Each of the defueling chutes leads to a Core Unloading Device (CUD),
where the spheres are singularized and the spheres that are broken, damaged, or have too small a
diameter are removed from the lines. Following discharge from the CUD, a gross gamma activity
measurement is done to identify whether it is a graphite or fuel sphere. This facility is mainly used during
the period when the core contains both fuel and graphite spheres [i.e. during reactor start-up]. After the
sphere type is identified by the gross gamma activity count, the spheres are transported pneumatically to
the top of the reactor, where each fuel sphere is assayed for burn-up. After the burn-up is determined, the
fuel is either routed to the reactor or discharged to the spent fuel tanks.

The fuel spheres will be circulated in this manner an average of 6 times to reach optimum burn-up
and will then be collected in one of ten purpose-built spent-fuel storage tanks (or bins). Each of these
spent-fuel storage bins would hold approximately 620,000 spent fuel pebbles. Each spent fuel pebble
would contain approximately 0.12 gram plutonium; conversely, it would take 66,700 spheres to equal one
SQ of plutonium. One can see at this early stage, that the diversion of one SQ of spent fuel would require
a huge number of spent fuel pebbles and should be easily detected by effective containment and
surveillance measures.

The reactor designers envision that the spent fuel would need to remain on site longer than the
original operating design life of the reactor, which is 40 years. However, considering the modular design,
it is not inconceivable that the reactors vessels could be replaced and the facility reused. In any event, the
modular construction would easily permit the addition of replacement PBMRs on the same site. Under the
current designs being considered, the fresh fuel and spent fuel storage bins may be shared with collocated
reactors, although the number of these would probably be scaled up to provide for adequate fresh fuel
storage for all of the units, and suitable storage space for spent fuel, in the event of reactor upsets at any
of the operating units. Prior to loading in the reactor, the fresh fuel pebbles are stored in drums containing
1,000 pebbles, although the size of these drums could easily be changed in the future. Considering that the
enrichment levels are higher than LWR fuel, constraints regarding the maximum storage volume and the
absence of water or fire-protection water systems for nuclear criticality safety will impose some limits on
the design of the fresh fuel storage area.

1.3 Redesign of the PBMR - 2009

At the time of the preparation of this report, PBMR (Pty) Ltd., announced that it was scaling down
and redesigning the PBMR from a 400 MWth (165MWe) HTGR with Brayton steam cycle to a
200 MWth (80 MWe) nuclear co-generation steam plant, as shown in the figure below.** From the
relative sizing of the reactor vessels, the fuel inventory would appear comparable, although the halving of
the power output should also result in a significant reduction in core fuel. The feed storage and spent fuel
requirements would also be cut approximately in half, commensurate with the halving of the power
output. While this has a bearing on nuclear safeguards, the overall safeguards issues still depend on the
bulk nature of the pebble fuel and the on-load refueling of the reactor, which have not changed. The
fundamental safeguards issues are summarized in the following section. Throughout the balance of this
preliminary safeguards report, we refer to the specifications and fuel handling features of the original
400 MWth (165 MWe) PBMR. Once PBMR (Pty) Ltd. describes the fuel handling and fuel inventory
features of the scaled-down reactor more completely, the National Laboratory Team should update this
safeguards review in a follow-on report, or addendum. Reasons for the product re-design provided by
Westinghouse Electric, one of the participants in the PBMR Project, are: affordability of the smaller
reactor, simplification of the reactor vessel and ancillary equipment, and focus on on-site power and
steam co-generation with direct process heat applications.
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Figure 2: Redesign of the PBMR - From 400 MWth to 200 MWth with Cogeneration (Source —
Westinghouse Electric Co., June, 2009)

1.4 The New Reactor Needs a New Safeguards Approach

The National Laboratory Team and the IAEA have noted that this type of reactor does not fit the
typical cases in the current IAEA Safeguards Criteria, under the categories of light-water reactor (LWR),
on-load refueled reactor (OLR), or other-types of reactor (for example, HTGR).” To safeguard these
reactors under the current safeguards criteria, the IAEA would need to uniquely identify the fuel items
and randomly verify fresh fuel to confirm uranium and/or plutonium content, and verify that the spent
fuel is highly irradiated. What is then clear from the outset of this discussion is that this is not practical,
considering that the nuclear fuel is dispersed among a huge number of fuel pebbles. Safeguarding the
PBMR appears to be more similar to safeguarding an enriched uranium or MOX fuel fabrication plant,
where the mass, uranium, U-235, and/or plutonium content of the bulk nuclear material is verified by
non-destructive and destructive assay. Consequently, there is a need to consider a safeguards criteria and
approach more suited specifically to the PBMR, which is the focus of the following study.

The safeguards approach needs to consider the unique features of the PBMR, in addition to the usual
issues of safeguarding fresh, core, and spent fuel. The fresh fuel contains 9.6% U-235, although the
amount of U-235 per sphere is small. Regardless, it must be possible to verify the bulk mass or volume of
the fresh fuel, take pebble samples, or verify the enrichment of the fresh fuel using non-destructive assay
(NDA), and positively verify from which drum or bin it comes. Considering the large bulk of fuel-bearing
material in the core, in principle, it is possible to introduce, irradiate and discharge pebbles, for the



undeclared irradiation and production of plutonium. In contrast to LWRs, the core cannot be viewed
during refueling over the 40 year life of the reactor, although the IAEA currently faces this same issue in
safeguarding the CANDU reactor. Only bulk verification of the core and the spent-fuel bins appears
possible, although destructive and non-destructive assay (DA and NDA) verification of sample materials
from both would help confirm the absence of substitution of spent fuel with non-fuel items. It appears that
the spent fuel can only be verified by a combination of flow monitoring, spent fuel counting and NDA as
noted. There will also be storage bins and transfer routes for non-fuel graphite pebbles and damaged
pebbles and a transfer route for pebbles for post-irradiation examination (PIE). Consequently, there will
be nuclear material diversion routes that have not been encountered in power production reactors.

The nuclear material diversion scenarios can be summarized in general as:

¢ Diversion and removal of spent fuel pebbles, containing irradiated plutonium, from the spent-
fuel storage bins, or as redirected from the core

¢ Diversion and removal of partially-spent fuel pebbles, containing irradiated plutonium and
U-235, during recirculation from the core

¢ Diversion and removal of fresh fuel pebbles, containing unirradiated U 235 in the form of LEU,
from feed drums or fresh fuel storage bins

e Misuse of the PBMR for undeclared feed, irradiation, and withdrawal of spent fuel pebbles for
producing plutonium or U 233.

While in principle, all of these scenarios are possible, the would-be diverter would need to remove a
huge number of pebbles in all cases to come close to diverting an SQ of U-235, plutonium, and/or
thorium. These safeguards issues will be addressed in more detail in following sections of the report.



2. INTERNATIONAL NUCLEAR SAFEGUARDS REQUIREMENTS

2.1 Traditional Nuclear Safeguards

The IAEA currently places the PMBR in the category described in the Safeguards Criteria as “Other
Types of Reactors,” a miscellaneous category that generically includes high temperature reactors and
other advanced experimental designs.** Although the PBMR presents safeguards challenges, because of
the continuous on-load refueling, defueling, and recirculation of the pebble fuel; a huge amount of
pebbles would need to be diverted to divert an SQ of uranium, plutonium, and/or thorium. Also, these
types of safeguards challenges have been effectively addressed in the past in safeguarding research
reactors and on-load refueled (CANDU-type) reactors.

The two principal safeguards concerns at PBMRs are:

¢ Production and diversion of an SQ of plutonium from the PBMR core and/or spent fuel storage -
defined as 8 kg of plutonium (Pu-238 less than 80% of total Pu)

¢ Diversion of an SQ of U-235 from the fresh, core, or spent PBMR fuel — defined as 75 kg of U-235 in
the form of low-enriched uranium (LEU).”

Of these two main concerns, the production and diversion of Pu from the core and spent fuel is
probably of more immediate concern, because of the smaller number of fuel spheres required to divert an
SQ, and because the timeliness for detection is only three months for irradiated plutonium, as opposed to
one year for low-enriched uranium. In this regard, there are two possible scenarios: 1) to divert core or
spent fuel and route for undeclared removal and separation of plutonium at a clandestine reprocessing
facility, or ii) to irradiate and divert specially designed natural uranium target fuel concealed in the
normal input to the reactor to produce plutonium for subsequent removal and separation at a clandestine
reprocessing facility. In the latter case, the target fuel could potentially be undersized or altered to permit
easier identification and collection by the would-be diverter.

Regarding the potential diversion of fresh or slightly irradiated fuel to recover U-235, there are two
scenarios: i) to fuel a clandestine plutonium production reactor, or ii) to feed a clandestine uranium
conversion and enrichment plant. A would-be proliferator would gain a significant advantage and head-
start using 9.6% enriched uranium over natural uranium to feed a clandestine uranium enrichment plant to
produce weapons grade uranium (ca. 90% U-235). However, the difficulty of removing and processing
the large number of pebbles (90,000 or more) to gain an SQ of U-235 makes this a more challenging
diversion scenario and provides a means for detection, if effective containment and surveillance measures
are utilized.

The international nuclear safeguards objectives stem from the technical goals of IAEA safeguards
summed up in the IAEA Model Safeguards Agreement, INFCIRC/153 (corrected) as: *°

...the objective of safeguards is the timely detection of diversion of significant quantities of nuclear
material from peaceful nuclear activities to the manufacture of nuclear weapons or of other nuclear
explosive devices, or for purposes unknown, and deterrence of such diversion by the risk of early
detection. [ Emphasis added]

Phrases are highlighted to emphasize the fundamental goals of international safeguards, being:
e Timely detection
¢ Significant quantities of nuclear material

e Deterrence by risk of early detection.



2.2 Timely Detection Goals

The timeliness goals for detecting a diversion of LEU or plutonium are defined by the IAEA and are
based on the time required to produce a crude atom bomb from either of these materials. These timeliness
goals for detection are shown in Table 2. Note that these are the timeliness goals under traditional
international safeguards. In many countries where the PBMR would be considered, these would be
relevant. However, if the IAEA has implemented Integrated Safeguards in the country in question,
oftentimes the timeliness goals are relaxed, because additional safeguards measures are used to evaluate
safeguards in the country as a whole. In the case of spent fuel, the timeliness could change from three
months to one year, based on previous cases.

Table 2: IAEA Timeliness Goals for Detecting Diversions of PBMR Nuclear Materials (Source — IAEA
Safeguards Glossary — 2001)

Nuclear Material Detection Timeliness Goal
Pu in core or spent fuel (Irradiated direct-use material) 3 Months
U containing < 20% U-235 (LEU) 1 Year

2.2.1 Detection Quantity Goal

The detection quantity goals for uranium and plutonium in a PBMR are the aforementioned SQ
values, shown in Table 3. For uranium in the form of LEU, this is 75 kg of U-235, and for plutonium, this
is 8 kg.

Table 3: Relevant IAEA Detection Quantity Goals or a PBMR (Source — IAEA Safeguards Glossary,
2001)

Nuclear Material Detection Quantity Goal
U containing < 20% U-235 (LEU) 75 kg of U-235
Natural Uranium 10 tonnes of natural uranium
(i.e. approximately 75 kg of U-235)
Pu 8 kg

2.2.2 Deterrence by Risk of Early Detection - Probability of Detection Goals

Once the timeliness and quantity goals for the nuclear material are defined, one can determine the
safeguards measures needed for a given probability of detection. Table 4 lists these detection probabilities
as defined by the IAEA Safeguards Criteria, under “Other Types of Reactors,” for both INFCIRC/153 and
INFCIRC/66 © safeguards agreements. >” ** However, if the IAEA is permitted to use the strengthened
safeguards measures provided under the Additional Protocol (AP), and has implemented an integrated
state-level safeguards approach in the country (i.e. Integrated Safeguards), the detection probability may
be relaxed. Based on precedents, the detection probability could potentially be reduced to 10%, if the
country were under Integrated Safeguards.

¢ The INFCIRC/66 is an older IAEA Safeguards Agreement developed in the 1960s and is in force only in India, Pakistan and
Israel. It has generally been superseded by the Model Comprehensive Safeguards Agreement (INFCIRC/153), and where
possible, enhanced with the Additional Protocol (AP). It is mentioned only for completeness, since there is the possibility that the
PBMR could be marketed and constructed in these three countries.

10




An evaluation of the PBMR reactor fuel cycle and expected nuclear material composition of the fuel,
performed by researchers at the INL, is shown in Table 5, indicating how many pebbles would be
required for the diversion of a significant quantity of LEU or plutonium in the form of fresh, core, or
spent PBMR fuel .’

Table 4: IAEA Specified Probabilities for Detecting Diversions of Nuclear Material Relevant to a PBMR
(Source — IAEA Safeguards Criteria, Other Reactors, 2003)

Nuclear Material Detection Probability
U containing < 20% U-235 (LEU) 50%
Pu 50%

Table 5: PBMR Fuel Pebble Composition & Number of Pebbles per Significant Quantity (SQ) (Source -
Todd et al., INL, 2006)

U-235 |U-238|U-235 Pu Pebbles per [Pebbles per
PBMR Fuel Pebble Enrich. %|grams |grams |SQ LEU| grams | SQ Pu| SQ-LEU SQ-Pu
Fresh Fuel (FF) 9.6 8.134 | 0.864 | 1.2x107 0 0 86,800 N.A.
Core Fuel* (CF) ] 9.7x
*(Assumes average of fresh and spent fuel) 6.23 7.887 | 0.530 |7.1x107| 0.077 107 141,500 104,000
1.9x
Spent Fuel (SF) 2.50 | 7.835]0.196 |2.6x10°| 0.154 | 107 382,700 52,000

Herring, et al., at the Los Alamos National Laboratory (LANL), have estimated that if special UO,
target spheres were inserted into the PBMR to produce weapons grade plutonium, the number of spent
fuel pebbles could be reduced from ca. 50,000 to 20,000 for the diversion of an SQ of plutonium.
However, these targets would need to be optimized for plutonium production and could be potentially
detected in the random verification of fresh fuel.*® In any event, a huge number of fuel pebbles would
need to be diverted, although fewer in the case of the plutonium diversion path than in the case of the
LEU diversion route.

The IAEA used the defined detection goals for timeliness, quantity, and probability and developed
safeguards criteria for Other Types of Reactors, including high temperature gas reactors, and notionally
PBMR. Since the nuclear material has a one year timeliness detection goal for LEU and a three-month
timeliness goal for irradiated plutonium, a yearly Physical Inventory Verification (PIV) will provide
sufficient timeliness for detecting diversions of LEU, but not for the plutonium. Hence, interim inventory
verifications (IIV) at quarterly intervals permit timely detection of diversions of plutonium in the spent
fuel storage and the core. Since the PBMR is an On-Load Refueled Reactor (OLR), in the same vein as
the CANDU and RBMK, the IAEA will have to deal similarly with the verification of receipts of pebbles,
continuous feeding of fresh fuel, recirculation of core fuel, and continuous discharging of spent fuel
pebbles from the reactor. The safeguards inspector will have three major issues: i) verify the receipt of
fresh fuel at the reactor and transferred to the core, ii) verify transfers of spent fuel from the reactor core
to spent fuel storage, and iii) Verify the fresh fuel, core fuel and spent fuel inventory. These are the
challenges in safeguarding an OLR in general, and the PBMR in particular, because of its hybrid nature of
being in between a true “item facility” and a “bulk facility,” in terms of IAEA safeguards.

The PBMR is a reactor type that defies the traditional item accountancy safeguards approach applied
to LWRs.”' Reactors like the PBMR that prohibit traditional item counting fall into a safeguards gap
between item-counting facilities and bulk facilities, i.e. facilities where the nuclear material is in bulk
form, such as powder, pellets, or small fuel pebbles. The difficulties associated with traditional item
counting have given rise to safeguard approaches that rely upon maintaining continuity of knowledge
(CofK) of containment and surveillance (C/S) data throughout the operational lifetime of the reactor. This
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approach attempts to cover the frequency of inspection for timeliness. The reliance on continuity of
knowledge represents an inherent vulnerability in the safeguards approach. If the continuity of knowledge
were lost and could not be re-established, the facility would probably not be able to attain the IAEA
timeliness detection goals for the duration of its operational lifetime and possibly not recover thereafter.
Simply put, the IAEA would not be able to confirm that nuclear material had not been diverted from the
facility during the period when the C/S was lost. This would be reflected in the safeguards conclusions
drawn by the IAEA for the country and indicated in the IAEA annual Safeguards Implementation Report
(SIR). With this in mind, it is clear that a new safeguards approach is required for the PBMR to mitigate
this vulnerability.

PBMR tennis ball-sized fuel pebbles have no external identification or markings. A research reactor,
such as the HTR-10 in China, has 30,000 fuel pebbles in the core. The 165 MWe (400 MWth) PBMR
Ltd. reactor will have approximately 452,000 fuel pebbles in the core. Consequently, it is impossible to
apply traditional core verification techniques to the PBMR, as one would to the core of an LWR —1i.e.
open the reactor core missile shield during annual refueling, count the assemblies, and randomly identify
and verify the gross radiation attribute (Cerenkov glow) to detect the possible undeclared substitution of
core fuel with dummy assemblies.

The most probable diversion scenarios for the PBMR are: 1) diversion of undeclared irradiated target
fuel pebbles for producing plutonium or U-233, or ii) diversion of spent fuel pebbles from the facility. In
both cases, the would-be diverter would attempt to conceal this activity in a very hectic background,
involving the transfer and recirculation of thousands of fuel pebbles to and from the reactor. This would
be especially challenging during the initial start-up when the reactor is half filled with moderating
graphite spent fuel dummies, which would be gradually drawn down and replaced by LEU fuel pebbles,
as the reactor reaches operating power and equilibrium. However, as noted above, a diversion would
require 50,000 to over 100,000 fuel pebbles, or on the order of 10% of a PBMR reactor core fuel
inventory. In an LWR, the diversion of two to three assemblies is enough to gain an SQ of plutonium.
Hence, the loss of even 100 pebbles would be on the order of a fraction of a percent rather than multiple
SQs for an LWR. Therefore, the hybrid bulk handling approach for the PBMR would be sensible,
especially considering the small amount of nuclear material per fuel pebble (9 g initial uranium) and the
fact that an SQ of nuclear material would typically involve 50,000 to over 100,000 fuel pebbles. In many
ways, the safeguards issues for a PBMR more closely resemble those of an enriched uranium fuel
fabrication plant, rather than a conventional nuclear reactor.

The verification of spent fuel pebbles is complicated by the storing of PBMR spent fuel in one of ten
spent fuel storage bins that nominally could contain 620,000 spent fuel pebbles. These bins would be a
high radiation area and human access would be prevented, which also precludes direct verification of the
spent fuel in storage, one of the main safeguards issues with the PBMR. Traditional item counting,
random item identification, and gross attribute verification, as has been applied to spent fuel at other types
of reactors, including CANDU-type on-load refueled reactors, is not practical or possible in this case.
However, Mr. Slabber of PBMR (Pty) Ltd. has proposed an elaborate and redundant fuel flow monitoring
and containment/surveillance safeguards approach that would help address these issues.’> More will be
said about this and the vulnerabilities in the next section Safeguards Technical Challenges. However, it
should also be noted for the record that this kind of issue is not unlike the verification of U-235 bearing
nuclear material or plutonium bearing nuclear material in an MOX fuel fabrication plant, which has been
successfully addressed by the IAEA. As long as the IAEA has the ability to verify the bulk of the spent
fuel in storage, through the use of radiation-based volume or fill-height measuring devices, the
accumulation and inventory of spent fuel pebbles could be effectively monitored over the course of the
reactor’s life.

Regarding the nuclear material attractiveness issue, notionally the isotopic content could be attractive
to a would-be proliferator. The fresh fuel would contain from 5.7 to 9.6% U-235, although in very small
amounts, totaling 9 grams of uranium per fresh pebble. This uranium is tightly bound by a propriety
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TRISO fuel kernel process, which produces a dispersion of UO, seeds covered by impenetrable carbide
and pyrolytic graphite coatings within each pebble. This nuclear material is highly refractory and very
difficult, although not impossible, to chemically recover. The spent fuel would contain approximately
0.12 grams of plutonium per pebble. So considering the isotopics, the fresh fuel would appear to be an
attractive source of uranium for supporting a clandestine uranium enrichment plant. However, this
uranium is exceedingly difficult to recover and it would require 87 drums of fresh fuel to achieve 1 SQ,
based on the typical feed drum containing 1000 pebbles. ****

2.2.3 Fresh Fuel

As noted in Table 4, the fresh fuel (FF) contains approximately 1.2 x10” SQs of U-235. This table
gives us an overview of the value to a proliferator of a pebble of PBMR fuel and provides perspective for
the effort needed to safeguard a PBMR. The technologies expected to be used in PBMR inspections will
briefly be noted in this section and described in depth in the next section.

The fresh fuel needs to be verified upon receipt from the fuel vendor, prior to loading in the reactor.
The inspectors would verify the fresh fuel by counting the fresh fuel drums, weighing selected drums to
confirm bulk pebble weight, and verifying uranium and U-235% content in samples of pebbles, by non-
destructive and/or destructive assay (NDA and DA). The most likely arrangement of the Material Balance
Area (MBA), with probable inventory and flow key measurement points (KMP), is shown in Figure 3. In
this diagram, the fresh fuel inventory is located in KMP-A, the core is in KMP-B, and the spent fuel is in
KMP-C - a very typical arrangement for a nuclear reactor under IAEA safeguards. KMP-1, 2, and 3 are
the fuel receipt, fuel transfer from core to spent fuel storage, and fuel shipment KMPs, respectively.
Because of the number of paths for moving spent fuel pebbles, there are more flow and inventory key
measurement points than one would find in an LWR, but comparable to large test reactors with post-
irradiation examination (PIE) hot-cells.

The operator will store the fresh fuel in a storage room after receipt in shipping barrels, which may
also have been verified at the fuel fabrication plant and placed under seal. The inspectors would verify the
seals on the drum (if shipped sealed) and verify the barrels at the PIV by item counting the barrels and re-
measuring the pebbles in the drums with a 10% detection (random low) probability for gross defects. For
fuel receipts, the detection probability would be increased to 50% (random medium), and the sampling
plan increased accordingly. The pebbles would be verified in randomly selected drums to confirm
uranium and U-235 content. The number and random selection of the drums would be based on the
IAEA’s random sampling plan and algorithm.” The verification of the fresh fuel in drums should be
possible using the IAEA HM-5 detector or mini multi-channel analyzer (MMCA) coupled with a
cadmium-telluride, sodium, or germanium detector.*®

2.2.4 Core Fuel

The core fuel in an OLR poses the safeguards challenge of being inaccessible to visual or NDA
verification. The core fuel in the PBMR is shown in KMP-B in Figure 3. The operator loads the fresh fuel
pebbles into the PBMR fueling machine, which fills fresh fuel into the core to the proper fuel height. The
fuel pebbles migrate downward through the core until they drop out of the bottom and are checked by the
Core Unloading Device (CUD) for being either fuel or a non-fuel item (such as start-up graphite
moderator pebbles) and for burnup, based on gamma assay. This occurs at the nuclear material flow key
measurement point KMP-2. Non-fuel items are removed as the core reaches equilibrium, while fuel
pebbles move through the core and are recirculated to achieve a pre-determined burnup, which has been
estimated by modeling to be six passes on the average.
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Figure 3: Proposed Nuclear Material Balance Area (MBA) and Key Measurement Points (KMP) for the
PBMR (NL=Nuclear Decay (Loss), NP = Nuclear Production, PIE = Post Irradiation Examination)
(Source — Los Alamos National Laboratory)

Depending on the burnup, the pebbles are routed to the proper loading position in the core or ejected
as spent fuel to KMP-C. If damage is detected, the pebbles are sent to the broken ball waste storage
(KMP-E). If individual fuel pebble transfers were declared by the operator, they would need to declare
and account for an average of 500 fresh fuel pebbles loaded and 2900 recirculated per day, which would
need to be verified by the spent fuel pebble counter/flow monitor - i.e. about one every 30 seconds.
Clearly, the declaration and accounting of such large numbers of fuel pebbles individually would be
onerous. Direct observation of the pebbles also seems out of the question, due to the high radiation field.

The PBMR core would contain approximately 4 SQs of LEU and 5 SQs of plutonium in 450,000
pebbles, based on the average burn-up of 45,000 MWd/t.*” The IAEA Safeguards Criteria for such a
difficult-to-access core requires dual C/S measures to ensure no unrecorded removal of fuel. Dual C/S is
defined by the IAEA as follows:*®

In a dual C/S system, each plausible diversion path is covered by two C/S devices that are
functionally independent and are not subject to a common tampering or failure mode...e.g. two different
types of seal, or seals plus surveillance. Dual C/S is normally applied where the verification of nuclear
material is difficult to perform, in order to increase confidence in the C/S results and reduce the
requirements for periodic re-verification.

The purpose of the dual C/S is to verify the absence of undeclared removal of spent fuel. Considering
that the fuel will be in numerous small fuel pebbles, it may be possible to sample the core fuel using the
PIE fuel transfer system, in order to verify the average burn-up in the core. It may also be possible to use
the operator’s instruments, or other independent power monitors, to determine the power output of the
reactor to estimate the amount of nuclear material present in the core. If fuel counters are employed, they
would be used to determine the approximate number of fuel pebbles transferred to, from, and remaining
in the core.
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2.2.5 Spent Fuel

The PBMR will present the IAEA with enormous numbers of spent fuel pebbles for random
verification. At equilibrium, 500 spent fuel pebbles will leave the reactor and transfer to one of ten spent
fuel storage bins, which can contain 620,000 pebbles each. Broken or damaged fuel pebbles will be
transferred to KMP-E. Pebbles selected for burn-up and post-irradiation examination (PIE) will be sent to
KMP-F. Consequently, there are two more diversion pathways in a PBMR than normally encountered in
an LWR. Since a waste stream similar to that in a bulk handling facility exists, the idea of a hybridized
item/bulk facility safeguards approach would appear appropriate. Verification of KMP-D, E, and F,
would be required at the time of the PIV to confirm the absence of undeclared transfers and inventory of
spent fuel pebbles at these locations. KMP-F is likely to include a hot-cell for taking samples of fuel for
post-irradiation examination (PIE). If that is the case, it is likely that an inspector will be able to view
inside the hot cell to confirm whether there is PBMR fuel present. Verifying KMP-D (Graphite Pebbles)
and KMP-E (Broken Pebble Storage) will be more challenging, because these bins will be collocated near
the spent fuel storage bins. However, if they are fitted with instrument tubes, as will be the spent fuel
storage bins, it should be possible to verify them in the same manner as the spent fuel bins to ensure that
they do not contain significant amounts of spent fuel. This will be discussed in more detail in Section 3.

PBMR spent fuel pebbles would contain more highly burned or lower grade plutonium, called MOX-
grade in the reference noted, as compared to plutonium in spent LWR fuel assemblies. * As noted above
in Table 5, it would take 52,000 PBMR spent fuel pebbles to make one SQ of plutonium. Figure 1 shows
spent fuel in KMP-C. Continuity of knowledge is maintained over the spent fuel after it leaves the reactor
and arrives in spent fuel storage, to detect possible diversion. Surveillance of spent fuel storage would
help provide assurance that no spent fuel has been diverted. During the PIV and interim inspections, the
inspectors would verify that the C/S systems have been effective and continuity of knowledge has been
maintained on the spent fuel, and would randomly verify the fill height (volume) and gross radiation
attributes of the spent fuel bins by non-destructive assay (NDA), using instrument tubes installed in each
spent fuel storage bin. More will be said about the safeguards measures and recommended combinations
thereof in Sections 3 and 4. Verification of the spent fuel bin s would be at the level of random medium
detection probability (i.e. 50%).

2.3 Summary of PBMR Fundamental Safeguards Issues

The PBMR poses some interesting nuclear safeguards challenges. The reactor holds hundreds of
thousands of small fuel spheres containing gram-quantities of nuclear material that are not uniquely
identifiable. Consequently, a traditional safeguards approach for “item facilities,” such as LWRs, is not
practical for this type of reactor. * The IAEA model safeguards approach for the PBMR is still under
development, but is presently based on maintaining the continuity-of-knowledge of the fresh, core, and
spent fuel by flow monitoring and number balancing — i.e. counting the fuel pebbles that go in and out of
the reactor. However, this approach is not ideal, as there is no technical means of recovering the
continuity-of-knowledge (and closing the number balance) if the containment/surveillance systems fail.
Table 6 below follows the proposed MBA and KMP structure proposed in Figure 3, and indicates
safeguards verification measures under Traditional Safeguards, as well as the diversion threat addressed.
Tentative and prospective safeguards needs are noted, which will be addressed in more detail in this
report.
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Table 6: Proposed Verification Measures by KMP with Diversion Threats
(Color coded to MBA Diagram, Figure 3) (Source — Idaho and Los Alamos National Laboratory, 2009)
KMP-1: Flow-KMP, Fresh Fuel Receipts

Verification of Shipper’s declaration for number of fresh fuel drums, ID, and random gross-weight
verification. Random verification by non-destructive or destructive assay (NDA or DA) for uranium
and U-235 content. Random verification detection probability medium (50%).

Threat — Diversion of fresh fuel and substitution with non-fuel items (for example, graphite
moderator).

Notes — May need to take representative samples for DA (uranium and U-235 content).
KMP-A: Inventory KMP, Fresh Fuel Storage

Verification of stored fresh fuel drums by item counting, ID check, and random verification of gross
weight. Random verification by non-destructive or destructive assay (NDA or DA) for uranium and

U-235 content. Random medium detection probability (50%). Comparison with the operator’s records
and fresh-fuel-flow monitor regarding the number of fresh fuel pebbles fed to the reactor core.

Threat - Diversion of fresh fuel and substitution with non-fuel items (for example, graphite
moderator).

Notes — May need to take representative samples for DA (uranium and U-235 content).
KMP-B: Inventory KMP, Reactor Core

Verification of effective dual containment and surveillance measures (seals and video surveillance).
Verification of fuel-flow monitor/pebble counters to estimate number of spent fuel pebbles fed to and
removed from reactor core, and comparison with the operator’s declaration and operating records.
Verification of reactor power output, using independent power monitor. Possible sampling of reactor
core for average burn-up using the post-irradiation examination fuel sampling hot-cell and system.
Estimate of Pu and U-235 content in core based on burn-up software code (for example, ORIGEN)

Threat — Diversion of core fuel, and/or undeclared introduction of specially designed fuel for
target irradiation.

Notes — Burn-up software codes for PBMR have not been well benchmarked. Effective use of a fuel
flow monitor/pebble counter for thousands of fuel pebbles has not yet been demonstrated.

KMP-2: Flow KMP, Spent Fuel Transfer _

Verification of effective dual containment and surveillance measures (seals and video surveillance).
Verification of fuel-flow monitor/pebble counters to estimate number of spent fuel pebbles fed to and
removed from reactor core, and comparison with Operator’s declaration and operating records. Possible
sampling of spent fuel for average burn-up using the post-irradiation examination fuel sampling hot cell
and system. Estimate of Pu and U-235 content in spent fuel and Nuclear Loss (decay) and Nuclear
Production based on burn-up software code (for example, ORIGEN)

Threat — Diversion of spent fuel and possible substitution with dummies (for example, graphite
balls), and/or undeclared removal of specially designed fuel for target irradiation.

Notes — Burn-up software codes for PBMR have not been well benchmarked. Effective use of a fuel-
flow monitor/pebble counter for thousands of fuel pebbles has not yet been demonstrated. Need to
verify numerous spent-fuel transfer paths during Design Information Verification (DIV). Need to
independently verify spent fuel by non-destructive assay.

KMP-C: Inventory KMP, Spent Fuel Storage

Verification of number of spent fuel pebbles in storage by corroborating fuel-flow monitor/pebble
counter with operator’s declaration regarding spent fuel transferred to storage. Verification of fill-
height in storage bins and random verification of spent-fuel gross radiation attributes, using [AEA
instruments and pre-installed instrument tubes in spent-fuel storage bins. Verification of spent-fuel bins
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is at random medium detection probability (50%) at the time of the PIV. Also, coincident verification
of KMP-E (Broken Ball Storage), KMP-D (Graphite Ball Storage), and KMP-F (Post-Irradiation
Sample and Prep Location) to detect “borrowing” or undeclared transfer of nuclear fuel. Spent fuel
isotopic composition predicted based on burn-up code, like ORIGEN. Verification of C/S measures
monitoring access to the spent fuel storage and transfer routes.

Threat — Diversion of spent fuel and possible substitution with dummies (for example, graphite
balls), and/or undeclared removal of specially designed fuel for target irradiation.

Notes — Burn-up software codes for PBMR have not been well benchmarked. Effective use of a fuel-
flow monitor/pebble counter for thousands of fuel pebbles has not yet been demonstrated. Need to
verify numerous spent fuel transfer paths during Design Information Verification (DIV). Need to
independently verify spent fuel by non-destructive assay. Need to verify spent-fuel storage bin
instrument tubes during DIV.

KMP-3: Flow KMP, Spent Fuel Shipping

Verification of number and ID of shipping casks. Random verification of shipping cask for gross
radiation attribute of spent fuel at random medium detection probability (50%). Comparison with the
operator’s declaration and records for shipment of spent fuel. Possible verification of spent-fuel storage
bin fill height (before and after transfer to shipping cask) and by NDA for gross radiation attribute to
verify spent fuel being shipped off-site. Verification of C/S (video surveillance) to confirm number of
shipping casks and to detect undeclared shipping.

Threat — Diversion of spent fuel and possible substitution with dummies (for example, graphite
balls), and/or undeclared removal of specially designed fuel for target irradiation.

Need to independently verify spent fuel by non-destructive assay. Need to verify spent-fuel storage bin
instrument tubes during DIV. Under current designs, the spent fuel is expected to remain on-site for the
life of the facility. Provisions for verifying spent fuel shipments are presented only for completeness.

KMP-D: Inventory KMP, Non-Fuel Items (Graphite Moderator Storage)

At the time of the PIV, verification of the graphite-storage bin for fill height and by non-destructive
assay to detect possible undeclared storage of spent fuel.

Threat — Diversion of spent fuel and possible substitution with dummies (for example, graphite
balls), and/or undeclared removal of specially designed fuel for target irradiation, and storage in
Graphite Ball Storage.

Need capability to independently verify graphite storage bin by non-destructive assay and fill height.
Designer needs to consider placement of instrument tubes in used-fuel and graphite storage bins, in the
manner similar to the spent-fuel storage. Need to verify graphite storage bin instrument tubes during
DIV.

KMP-E: Inventory KMP, Broken Ball Storage (Damaged Pebbles)

At the time of the PIV, verification of broken-ball storage for fill height and by non-destructive assay to
detect possible undeclared removal of fuel. Verification of fuel-flow monitor/pebble counter and
corroboration with operator’s declaration for fuel transferred to broken-ball storage.

Threat — Diversion of spent fuel and possible substitution with dummies (for example, graphite
balls), and/or undeclared removal of specially designed fuel for target irradiation, via broken-ball
storage.

Need capability to independently verify broken-ball storage by non-destructive assay for radiation
attribute and fill height. Designer needs to consider placement of instrument tubes inside or alongside
broken-ball storage bins or drums. Need to verify broken-ball storage instrument tubes during DIV.

KMP-F: Inventory KMP, Post-Irradiation Examination (PIE) Hot Cell

At the time of the PIV, random verification of fuel in PIE hot cell and area by non-destructive assay to
detect possible undeclared removal of fuel. Verification of fuel-flow monitor/pebble counter and
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corroboration with operator’s declaration for fuel transferred to PIE hot cell.

Threat — Diversion of spent fuel and possible substitution with dummies (for example, graphite
balls), and/or undeclared removal of specially designed fuel for target irradiation, via PIE hot
cell.

Need to independently verify fuel in storage pits or positions within PIE hot cell by non-destructive
assay for radiation attribute. Need to randomly item count or determine fill-height of fuel in PIE
storage positions. Need to verify PIE hot cell, fuel storage pits and positions, and transfer routes during
DIV.

KMP-4 (Potential), Flow KMP, Waste Transfer

Random verification of nuclear material in waste transfers at the time of transfer at a random medium
detection probability (50%) by item counting and ID checking of waste shipping containers or casks,
and verification for gross radiation attribute of waste package.

Threat — Diversion of spent fuel and possible substitution with dummies (for example, graphite
balls), and/or undeclared removal of specially designed fuel for target irradiation, via waste
transfer.

Need proven NDA method for verifying radiation attribute of waste package from the PBMR. Designer
needs to consider possible installation of waste-cask or waste-drum assay system. Waste removal
routes and assay system needs to be verified during DIV.

2.4 INFCIRC/66 Issues

As has been noted, the INFCIRC/66 is an older IAEA Safeguards Agreement, developed in the
1960’s, which is in force only in India, Pakistan, and Israel. It has largely been superseded by the Model
Comprehensive Safeguards Agreement (INFCIRC/153 [corrected]), and where possible, enhanced with
the Additional Protocol (AP). It is mentioned only for completeness since there is the possibility that
PBMRs could be marketed and constructed in these three countries. In general, INFCIRC/66 does not
allow the IAEA all of the measures necessary to implement strengthened and effective safeguards
comprehensively within the country as a whole. *'

We assume that the current safeguards criteria for implementing safeguards for the PBMR under
“Other Types of Reactors” would be the same in a country having either an INFCIRC/66 or
INFCIRC/153-type Safeguards Agreement. ** Having said that, the National Laboratory Safeguards Team
reached the same conclusion as the IAEA reached previously, i.e., that the “Other Types of Reactor”
category is not well suited for the PBMR. The IAEA recommended that new safeguards criteria be
developed specifically for the PBMR, taking into consideration the bulk-nature of the nuclear fuel. This
team endorses the IAEA’s recommendation. The safeguards approach options that will be presented could
be applied under either the INFCIRC/153 or the earlier INFCIRC/66 safeguards agreement. However, the
former is more amenable to a state-level safeguards approach, especially where an Additional Protocol is
also implemented; whereas the latter is limited to specific facilities under the agreement. The safeguards
approaches that will be presented depend extensively on containment/surveillance systems and fuel flow
monitors in all cases, which could be potentially enhanced with short-notice random inspections (SNRI)
and remote safeguards data transmission (i.e., remote monitoring - RM). Nothing precludes this
necessarily under an INFCIRC/66-type safeguards agreement. Therefore, the safeguards approach options
that will be discussed could be used under that safeguards agreement as well. However, it should be noted
that generally, the countries where INFCIRC/66 agreements have been implemented have not been
supportive of strengthened and expanded safeguards provisions — which could potentially limit the
effectiveness of the safeguards approaches in those countries.
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3. SAFEGUARDS TECHNICAL CHALLENGES

3.1 Software Modeling and Simulation

One of the challenges in designing safeguards systems for the PBMR is finding relevant data and
technical specifications regarding nuclear material composition, flow, and inventory. There exists a
limited ability to perform safeguards simulation and analysis of the PBMR reactor systems. Available
software codes include: VSOP, ORIGEN-Juel-II, PEBBED, and ORIGEN-2 libraries generated by
Eskom. **** %% The VSOP code, developed by the Jiilich Research Center in Germany, is a collection of
routines that has a long history of use for HTGR design work. However, the defining scripts of the PBMR
are considered proprietary and are not commonly available for safeguards research purposes. ORIGEN-
Juel II has never been made available through either RSICC or the OECD Nuclear Energy Agency (NEA)
databank. The PEBBED code developed at INL is a discrete simulation of the pebble-bed core neutronics
still under development and has not been released publicly. The Eskom ORIGEN libraries are considered
to be proprietary commercial property. Hence, the PBMR safeguards analysis team cannot speak to the
validity of the simulation results from the Eskom PBMR libraries. The DOE/NNSA Office of
Nonproliferation and International Security, International Nuclear Safeguards Engagement Program (NA
242) has engaged the China Institute of Nuclear and New Energy Technology (INET) at Tsinghua
University in a collaborative task to develop ORIGEN-ARP Libraries for the HTR-10 to characterize
spent fuel from this reactor type. The libraries are being compared to the results of the MCNPX/CINDER
simulation results to provide preliminary benchmark data comparisons.”’ The development of ORIGEN
libraries for the HTR-10 has also been pursued at the Oak Ridge National Laboratory.*® Realistic
simulation and modeling of the PBMR to determine the nuclear material content of core fuel and spent
fuel pebbles remains a significant challenge.

3.2 Composition of PBMR Core and Spent Fuel

Each fuel pebble is subjected to a unique time-varying neutron flux depending upon the path followed
through the reactor vessel. The complexity of the fuel flow path in the PBMR system makes the modeling
and computer simulation of the fuel and attendant burn-up complex as well. However, estimates of the
fissile content of the core and spent fuel are available in the literature and are the basis for this subsequent
safeguards analysis. Despite not knowing the exact fissile content of the core and spent fuel, the
safeguards challenge remains keeping track of a large number of small pebbles in the form of fresh, core
and spent fuel. A pebble that travels through the reactor vessel directly down the center-line of the core is
exposed to a very different neutron flux than a pebble that traverses the reactor vessel near the outer edge.
The end-of-life burnup of each pebble, expressed in percentage of initial U-235 atoms fissioned (typically
10-12%) is quite uniform for all pebbles. Some pebbles make more passes through the vessel than others
to arrive at the same end-of-life exposure. On average, six passes are required to attain this burn-up. As a
result of the varying flux histories of the individual pebbles, the final composition of the pebbles can vary
over a fairly wide range. A pebble that arrives at the end-of-life burnup via high neutron fluence will
exhibit different attributes than a pebble of identical burnup which was exposed to lower neutron fluence.
In either extreme, the final uranium and plutonium composition is nearly identical. However, the low-
fluence pebble will present a higher minor actinide composition (particularly Am-241 and Cm-242) than a
high-fluence pebble. A high-fluence pebble will present a larger inventory of short-lived fission products
than a low-fluence pebble. Consequently, spent fuel monitoring based on gross-neutron (n) and gross-
gamma (y) measurements will observe wide variation, if the ratio of n/y at high-fluence is much less than
n/y at low-fluence. This will be especially the case if the pebbles are measured after very short cooling
times, i.e. less than six months. It is difficult to estimate the range of valid measurement results using
existing modeling capabilities. As a result, it may not be possible to distinguish some core fuel from
undeclared irradiated depleted uranium targets, based on gross gamma and neutron assay alone —i.e.
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detect undeclared irradiation and production using target material, by NDA. This indicates a need for
developing a non-destructive assay method specifically for verifying spent PBMR fuel pebbles, which
could be easily deployed with the existing PBMR design.

To better understand the composition of PBMR spent fuel, especially for benchmarking the burn-up
software codes, PBMR (Pty) Ltd. is collaborating with U.S. DOE under the Next Generation Nuclear
Plant Project (NGNP) and has shipped coated PBMR UOQO, fuel kernels to the U.S. DOE Idaho National
Laboratory (INL) for irradiation in the Advanced Test Reactor (ATR).* Feedback from these experiments
will aid the manufacturers of the fuel in South Africa, and will help safeguards specialists and the IAEA
better understand how the nuclear material content of PBMR fuel changes with burn-up and cooling time
— at least in a research reactor. This will also allow updating of the burn-up codes for PBMR fuel, based
on experimental feedback.

3.3 Verification of Spent PBMR Fuel

NA 24 has funded a study of spent fuel measurement techniques under the Next Generation
Safeguards Initiative (NGSI). The objective of these studies is to identify methods of determining the
plutonium composition of spent nuclear reactor fuel. A report listing various spent fuel measurement
techniques under consideration in this project was recently published.” Using this report, we can identify
measurement techniques that may be applicable to the verification of PBMR spent pebbles in containers
or as individual items.

PBMR pebbles can legitimately have a variable gross neutron production rate depending upon the
flux history of the pebble. As the pebbles age and decay, the significant difference in neutron counts
coming from Cm-242 (t,, = 163d) becomes less pronounced. Likewise, decay cooling reduces the
differences observed in fission product gamma-ray emission. It may be possible to perform a reliable
verification of 5-yr cooled pebbles using simple gross neutron and gross gamma-ray techniques to
corroborate burn-up calculations of actinide content in spent pebbles. The possibility of investigating
these techniques in China’s research HTR-10 at Tsinghua University, Beijing, should also be considered
by NA 24.

X-Ray fluorescence (XRF) has been used to determine the ratio of U/Pu in low-burnup spent fast
breeder reactor (FBR) fuel.”' For the case of high-burnup PBMR fuel, the presence of Cm may be high
enough, especially for fuel with short cooling time, to use XRF to determine U/Pu/Cm ratios for spent
fuel. XRF measurement could also be used in conjunction with the passive neutron Albedo technique,
which provides information related to the fissile/fertile isotope ratio in the spent fuel to provide a
reasonable estimate of the plutonium present in spent pebbles to corroborate depletion code values. **

Active techniques may also be useful for the assay of spent PBMR pebbles. Active techniques are
more expensive to deploy than passive systems and are difficult to configure for unattended operation.
Nonetheless, active techniques, including differential die-away or lead slowing-down spectrometry, may
provide methods of direct verification of Pu inventories of spent PBMR pebbles.”® However, the size and
cost of a lead slowing-down time cave and spectrometer would most likely be prohibitive for a small
facility like the PBMR.

The further study of verifying spent fuel pebbles is required, based on more precise facility design
information and spent fuel composition, supported by fuel irradiation and measurement experiments,
combined with fuel post-irradiation examination. The more accurate non-destructive assay of PBMR core
and spent fuel remains a key issue in ensuring that the fuel and non-fuel items can be properly sorted and
verified, as the safeguards approach presumes.
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4. PBMR SAFEGUARDS APPROACHES

4.1 Proposed Safeguards Approaches

The IAEA has Safeguards Criteria for “Other Types of Reactors,” but they are not system specific
and do not seem appropriate for a bulk-fuel reactor, like the PBMR.> The IAEA has done preliminary
internal safeguards analysis of the PBMR, however, their model safeguards approach is still under
development. As was announced at the recent meeting of the United States Support Program to the IAEA
in Vienna, the IAEA will not modify or further develop their model safeguards approach until the South
Africans finalize their design of the PBMR, which is in flux. The IAEA projects that this design will be
finalized within one to two years (ca. 2010 to 201 l).55 In the meantime, PBMR (Pty) Ltd. announced that
they hope to begin construction of the reactor by 2014 and operation in 2018. In any case, the safeguards
approach will need to be in place by 2018, although IAEA Design Information Examination and
Verification (DIE/DIV) activities will need to take place during facility construction, i.e. from 2014
onward.

The only operating pebble-bed reactor in the world is located at Tsinghua University in Beijing,
China. The facility is under IAEA safeguards, however the safeguards that have been applied to date have
only included fresh fuel item counting and enrichment verification. The reactor has been loaded with a
pre-equilibrium core and is operated on a very low duty factor. The facility has yet to discharge any spent
fuel pebbles, which is where the key safeguards challenge exists.

Safeguards at nuclear reactors are traditionally based on an item accountancy approach employing
Key Measurement Points (KMPs) as described in Section 2. In this approach, fresh fuel assemblies are
randomly verified to confirm the operator declarations of uranium loading, enrichment, and assembly
serial number. After irradiation, the fuel is randomly measured to verify the operator declaration that the
fuel is spent, typically by gross gamma-ray attribute verification - i.e. verifying the Cerenkov glow or
gross gamma/neutron counting. The operator declaration of plutonium production, from depletion
calculation, is accepted by the IAEA after successful attribute verification. In the case of the PBMR
system, because the pebbles are not individually identifiable as they lack serial numbers or any
differentiating characteristics, the traditional item approach cannot be applied. Some other method of
safeguards accountancy must be used for the PBMR system.

While the IAEA has not published an open account of PBMR safeguards approaches, there are two
publications in the open literature that address the issue. Bueker proposed methods for the German
THTR, and Slabber proposes methods for the demonstration PBMR to be built in the Republic of South
Africa.’® Both of these approaches would employ item accountancy rather than a bulk-handling
approach, focusing on fuel flow monitoring (pebble counting) as the principle accountancy technique.
Consequently, the existing proposals for PBMR safeguards approaches employ ball counting (item
balance) and surveillance. This is fundamentally a safeguards approach based on maintaining continuity
of knowledge of the fuel flow and inventory. At first glance, this approach may appear to be adequate.
However, ultimately there is the real possibility of a loss of continuity of knowledge, if the containment
and surveillance systems suffer a common-mode failure, i.e. potentially a loss of main or emergency
power. While this appears improbable, considering the large number of IAEA safeguards systems in use
worldwide, it has happened in the past. There must be a measure in place to recover the continuity of
knowledge when it is lost. Otherwise, the facility could ultimately fail to meet the IAEA quantity and
timeliness goals for detection, which could result in the incident being reported publicly to the IAEA
Board of Governors. Losing continuity of knowledge and the resultant non-attainment of safeguards
timeliness and quantity goals is not acceptable. This has occurred at the Monju FBR in Japan, which is
also an “Other Types of Reactor,” although the core of Monju contains far more SQs of nuclear material
than a PBMR. Because this has happened in the past, the safeguards community should learn from this
unlikely event and prepare to deal with it more effectively in the future in considering the safeguards
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approach for the PBMR. If and when the continuity of knowledge number-balance pebble counting
scheme fails, there needs to be some alternative means of verifying safeguarded materials in the facility.

A diagram of the safeguards approach proposed by Mr. Slabber of PBMR (Pty) Ltd. is shown in
Figure 4. The approach uses fuel pebble counters (Flow Monitors — FM), surveillance cameras, and seals
to provide dual containment/surveillance (C/S). This is indeed a robust application of the continuity of
knowledge approach. The assumption is that if the flow monitors fail, video surveillance and seals could
prove that no diversions have occurred and vice-versa. Hence, the IAEA would view this as a rather
robust “Dual C/S System.” However, the assumption may not be valid. The failure of the video
surveillance without loss of the flow monitors does not affect the safeguards conclusion drawn from the
number balance. However, the failure of the flow monitors without failure of the surveillance does not
necessarily provide adequate assurance of the lack of a diversion, because identification and
categorization of the spent pebbles cannot occur. It would be difficult to differentiate and account for
targets, graphite balls, and spent fuel pebbles sent out to the wrong path — i.e. the broken ball path, the
non-fuel item path, or the path to post-irradiation examination (PIE). Verification of the spent fuel that
might have accumulated in these areas could potentially be performed to recover from the failure of the
flow monitors. Adequate verification of the spent fuel bins, graphite bin, used fuel bin, and damaged
pebble fuel bin would require a proven technique that has not yet been demonstrated. Also, these vessels
would need to be fitted with instrument tubes, similar to the spent fuel storage bins. Similarly, re-
verification of the reactor core in the reactor vessel would be problematic. In principle, it is possible to
pull samples of the core fuel via the post-irradiation examination sample route. However, actually
verifying the amount of fuel in the core would remain challenging. Potentially this could be done by
independently verifying power output at reference control rod settings, or perhaps using external radiation
detectors to estimate the fill-height of fuel in the reactor core.

A second issue with this proposed approach is the lack of an independent attribute verification
measurement for the spent fuel. Inspectors must make random measurement of the spent fuel pebbles to
verify the operator’s declaration that the fuel is spent (i.e. not substituted with dummy fuel) and
potentially for estimating or corroborating plutonium production. This could be as simple as the
measurement of a spent fuel attribute to corroborate the validity of a depletion code calculation, or it can
be as complex as some technique for directly measuring the plutonium present in a pebble. At this time
there are no off-the-shelf measurement techniques that have been shown to be suitable for verifying spent
PBMR fuel.

4.2 Review of the Number-Balance (Flow Monitor) Approach

Individual spent pebbles have a very small plutonium inventory. Approximately 50,000 - 60,000
spent pebbles are required to make 1 SQ of Pu. Reliably counting and maintaining an exact number
balance of some 500,000 indistinguishable items moving around the facility represents a significant
challenge. Maintaining the number balance over the estimated 40-year lifespan of a facility would
become even more challenging. At some point there will be errors in the counting that will give rise to a
non-zero MUF (Material Unaccounted For) value, which is unacceptable in “item facilities.”

4 MUF is defined by the IAEA as “Material Unaccounted For.” In a facility where the nuclear material accounting
unit is an item, such as a fuel assembly, the assembly is either present or it isn’t. Hence, this is typically called a
“Zero-MUF Facility.” However, in nuclear facilities where the nuclear material is handled in bulk-form, (bins of
powder, trays of pellets, vats of solution) a small uncertainty arises in determining the exact amount of nuclear
material present. This is the MUF. Using effective safeguards measures, this value can normally be kept very low on
a percentage level, to provide assurance that no significant amounts of nuclear material have been diverted.
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Figure 4: Schematic of the Proposed Safeguards Approach for the PBMR Showing Safeguards Measures
(Source - J. Slabber, PBMR (Pty.) Ltd.)

Item facilities by definition do not accrue MUF, yet the PBMR system will indeed accrue MUF,
because the nuclear material is essentially in bulk form. As such there will be some uncertainty, no matter
how small, of how much nuclear material is present and in which form, i.e. how many fresh fuel, core
fuel, and spent fuel pebbles. Bueker uses a unit of a “barrel,” which is defined as a barrel containing 1,000
pebbles, as an accountancy unit to improve counting reliability, especially for fresh fuel. *® This is a more
reasonable approach than accounting for individual pebbles, but errors on assumed packing density and
inability to potentially identify irradiated UQO, targets in the barrels poses a safeguards challenge. No
matter how one uses a number balance, because of the very large number of items and the long life of the
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facility, there will necessarily be some cumulative uncertainty in the counting that must be represented as
MUF.

The operators of the Chinese HTR-10, which has a small core inventory of 28,000 pebbles, stated that
there was uncertainty about the precise number of pebbles in the core, because the redundant facility
pebble-counters did not exactly agree.”” The difference is minor and not of significant concern. However,
this is the smallest PBMR core that is planned and the facility is still operating with a pre-equilibrium
core. In essence, the continuity of knowledge from ball counting is already lost because the operator
himself cannot provide a fixed declaration that the IAEA can verify. Reliance on ball-counting to strike a
number balance is not an ideal safeguards approach. The inherent weakness of this approach is aggravated
by the reality that once continuity of knowledge is lost, no technical means appears to exist to restore this
safeguards knowledge, short of extensive physical inventory verification (PIV), potentially during reactor
shutdown. This would be problematic to schedule, considering that the PBMR is designed to operate
continuously.

4.3 A New Bulk-Fuel Reactor Approach

PBMR fuel pebbles are indistinguishable and sufficiently small and numerous that a PBMR is
comparable to a facility handling bulk nuclear material. The amount of uranium in each pebble is
comparable to the uranium in a typical LWR pellet that is loaded into pins for fabricating fuel assemblies
at an LWR fuel fabrication plant. Consequently, we propose that the IAEA and PBMR operators consider
a hybridized and novel bulk-handling approach for the PBMR, placing it in a new category of “Bulk-Fuel
Reactors.” The features of the proposed Bulk-Fuel Reactor Approach are outlined as follows: ©

e Use fuel flow monitor/pebble counters to balance fuel inputs, outputs, and inventory. (Recognize that
his will produce a MUF, due to counting discrepancies, broken balls, etc.).

e Use an accounting unit larger than the fuel pebble for fresh fuel, such as the fresh fuel drum. Item
count fresh fuel drums, randomly check drum IDs, and randomly verify U-235 and U in fresh fuel
drums using an Active Well Coincident Neutron Counter (AWCC) and weighing. (Recognize that
this will produce a MUF for U and U-235. Account for U and U-235 in the same statistical manner as
at an enrichment, fuel fabrication, or reprocessing plant).

¢ Randomly measure spent fuel bins to verify the gross radiation attribute of spent fuel and confirm the
spent fuel fill-height and accumulation in the bin. Potentially measure samples of the spent fuel,
collected via the PIE hot cell, to corroborate the fuel burnup and associated plutonium inventory.
(Because existing spent fuel assay techniques cannot determine Pu and U directly, there is reliance on
depletion codes in combination with verifying attribute measurement).

¢ Estimate the Pu and U-235 in the core fuel, based on verification of power output records, burn-up
codes, and the fuel flow monitor/pebble counters.

e Use effective C/S measures (surveillance and/or seals) to detect undeclared removal of core and spent
fuel.

e Draw a composite nuclear material balance from the fuel pebble number counting scheme and bulk
material inventory verification. Fold the uncertainties into a composite MUF for the PBMR.

This will produce a lower MUF than either individual technique and allow a longer operating interval
before MUF becomes large enough that additional safeguards verification activities might be required.
The aforementioned approach is a layering of complementary safeguards measures that provide a
safeguards “defense in depth” that is not possible with either the item counting (fuel flow monitoring) or
bulk nuclear material verification measures alone. This approach is also amenable to continuous or
random verification, whereby the fuel fed to the reactor is verified by gamma spectroscopy during
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recirculation and as it is discharged to the spent fuel bins at the existing Measurement Verification
Distribution Block.

At some point the cumulative MUF statistic may approach 1 SQ of plutonium or U-235. As a result,
the IAEA may request more complete physical inventory verification (PIV). This activity could
potentially be coordinated during a reactor shutdown for special maintenance. Counting of fresh fuel
drums and other items can be repeated to reduce errors and MUF associated with the item counting. More
precise spent fuel measurements can be done on longer cooled pebbles, which could reduce the MUF
associated with spent fuel verification. A statistical analysis could be performed to predict the period of
reactor operation to arrive at the MUF threshold for performing this activity. In this instance, the [AEA
would likely verify fresh fuel drums, spent fuel bins, PIE hot cell, Graphite Ball Storage and Broken Ball
Storage at a level of random medium (50%) or random high (90%) detection probability. The fuel flow
monitor/pebble counters and C/S systems would be verified to determine the extent of the possible MUF
or safeguards anomaly. Operating records, including power output and pebble transfer records, would be
compared versus the inspector’s instruments and records to detect discrepancies or anomalies. The
inspectors might request sampling of the reactor core via the PIE hot-cell transfer route to verify the core
fuel. It is not likely that the IAEA would ever request dumping of the core fuel to the used or spent fuel
storage bins, considering the cost and disruption to the facility and operator, nor is it likely that the
operator and national authorities would ever accept such a request. The IAEA would have to use these
other means to deduce the nuclear material remaining in the core. However, even in the worst case, this
re-verification approach would be superior to the tedious accounting of every fuel pebble under the
numbers balance approach, which is simply not practical.

Regarding the bulk approach, another important aspect to consider is the need to independently verify
the volume or fill-height of each: spent fuel storage bin, used fuel bin, graphite storage bin, and broken
fuel bin. As is shown in Figure 4, PBMR (Pty) Ltd. indicates a tube for a non-destructive assay (NDA)
instrument that would traverse the height of the spent fuel storage bin. However, one would need to be
provided for each bin. This would be extremely useful for confirming the fill-height and, hence, volume
of the spent fuel pebbles that have been accumulated to date. Confirmation would most likely be needed
during the annual PIV or during the re-verification activity noted above. This is analogous to the use of
highly accurate volume or mass measuring devices on safeguarded vessels at other facilities handling
nuclear material in bulk form.

The bulk approach in combination with the number-balance continuity of knowledge approach
provides two independent measures of the facility MUF. The corroboration obtained by the two
techniques provides safeguards assurance that neither technique can provide alone.

The layered or hybridized Bulk-Fuel Reactor safeguards approach would provide a safeguards
“defense in depth,” beyond fuel flow monitoring and containment/surveillance measures. These measures
may provide effective safeguards without malfunction, but if the systems fail and continuity of knowledge
is lost it would be extremely difficult, if not impossible, to re-establish the nuclear material flows and
current inventory. Additionally, the expected variation of the core fuel uranium, plutonium, and actinide
content during irradiation and recirculation makes it more difficult for the inspector to detect the
undeclared irradiation of targets — since these may not be easily distinguished from low burn-up pebbles
using gross gamma and neutron assay techniques. Recirculation of the fuel also makes it difficult to
definitively determine what fuel has exited the reactor. An additional point to consider is the use an
improved non-destructive assay technique specifically adapted for the verification of recirculating PBMR
core and spent fuel, which could arise from the pebble irradiation, modeling, and spent fuel verification
development work noted. Potentially, such a system could fingerprint or characterize groups of pebbles
and be fully automated, being amenable to remote data transmission. If the discrimination of the system is
good enough, it may be able to detect the presence or passing of undeclared target fuel pebbles, which
would not be detected by gross gamma or neutrons. The on-line measurement of recirculating core fuel by
more accurate assay techniques could also be used by the operator for monitoring pebble fuel burn-up and
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maintaining reactor core operating efficiency. The fact that such an on-line assay system could potentially
be used by the safeguards inspector and plant operator could be sufficient motivation for the plant
operator and national authorities to consider the installation of the more accurate assay system.

4.4 Challenge of Facility Design Information Verification (DIV)
for PBMR

As discussed in the reference cited, one of the most important safeguards measures used by the IAEA
today for strengthening the safeguarding of new types of nuclear facilities is the design information
examination and verification activity (DIE and DIV).®! In accordance with their safeguards agreements,
countries are required to provide nuclear facility design and operating information to the IAEA relevant to
safeguarding the facility at the earliest stage.®” This is the case under both INFCIRC/66 and
INFCIRC/153-type safeguards agreements. This provides the IAEA the opportunity to verify the
safeguards relevant features of the facility and to periodically ensure that those features have not changed.

Design information for all nuclear facilities within a country is provided to the IAEA and includes:
¢ Identification of the facility, including general character, purpose, capacity and location
e Description of the facility layout and form, location, and flow of nuclear material
e Description of features relating to nuclear material accountancy, containment and surveillance.

Description of existing and proposed procedures for nuclear material accountancy and control, with
reference to Material Balance Areas (MBA)

The design information (DI) is conveyed from the facility builder/operator through the national
nuclear authorities (State System of Accounting for and Control of Nuclear Material — SSAC) to the
IAEA, using the IAEA Design Information Questionnaire (DIQ). The DIQ is updated as required by
written addendum submitted by the national authorities to the IAEA.

More effective use of design information examination and verification was one of the major
recommendations that arose from the IAEA’s 93+2 Strengthened Safeguards Program, following the
revelation of a well funded undeclared uranium enrichment program discovered in Iraq, after the first
Gulf War in 1991. The purpose of the facility design information examination and verification activity is
to verify that the nuclear facility is as declared, with regards to name, location, function, process, and
capacity. The IAEA must know these aspects in order to develop an appropriate safeguards approach and
effectively safeguard the facility.

Nuclear facility design information is submitted to the IAEA in accordance with Code 3.1 of the
General Part of the Subsidiary Arrangements to the State’s Safeguards Agreement. Accordingly, the
country must make an early declaration of any decision to construct a new nuclear facility or to modify an
existing one, and provide preliminary design information on the facility.”’ Table 7 summarizes the
requirements to provide design information and to permit examination and verification of this information
over the life of the facility. Ideally, the DIE/DIV activities should be performed and coordinated as per
the Safeguards-by-Design (SBD) Process methodology described in the reference noted.* Once the plant
begins operation, the IAEA must annually re-verify that safeguards relevant changes have not been made
to the facility that could potential increase the facility’s capacity, change it function, or disrupt and negate
installed safeguards instruments and containment/surveillance measures. The periodic re-verification of
the facility and design information normally occurs during the annual physical inventory verification
(PIV), but may also be performed during routine interim inventory verification (II'V), or short-notice
random inspections (SNRI).
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Table 7: Nuclear Facility Life Cycle and IAEA DIE/DIV Related Activities (Source — IAEA Safeguards

Manual, SMI-4.1, 2003)

Facility Life Cycle Phase

TAEA-related DIE/DIV Activity

Design and Planning Phase
(Pre-Construction Phase)

Operator Announces intention to construct a nuclear facility and
Provides Preliminary Design Information (DI) through the
national authorities (SSAC).

Construction Phase

Operator prepares and submits Design Information
Questionnaire (DIQ) through the SSAC 180 days prior to
construction.

The IAEA performs DIE/DIV during the construction phase as
required to ensure the facility can be adequately safeguarded.
More frequent DIE/DIV activities will be performed for a
facility of new design (such as the PBMR).

Commissioning Phase

The IAEA continues DIE/DIV activities, with special emphasis
on verifying the performance of installed safeguards monitors,
containment/surveillance, and remote monitoring systems during
Commissioning. Adequate safeguards signal authentication and
encryption is verified at this time.

Operating Phase

The facility operator updates the design information
questionnaire (DIQ) as safeguards relevant changes are made to
the plant or its declared mode of operation. These changes are
conveyed by written addendum through the SSAC to the IAEA.
The TAEA (at least) annually re-verifies the safeguards relevant
facility features, operation and information to detect any
safeguards relevant changes.

Maintenance/Modification Phase

The facility operator updates the design information
questionnaire (DIQ) as safeguards relevant changes are made to
the plant or mode of operation. These changes are conveyed by
written addendum through the SSAC to the IAEA. Ata
minimum, the IAEA annually re-verifies the safeguards relevant
facility features, operation and information to detect any
safeguards relevant changes.

Extended Shutdown Phase

The facility operator updates the design information
questionnaire (DIQ) as safeguards relevant changes are made to
the plant or mode of operation. These changes are conveyed by
written addendum through the SSAC to the IAEA. The IAEA
annually re-verifies the safeguards relevant facility features,
operation and information to detect any safeguards relevant
changes. Nuclear material remains on-site or in the facility, so
routine inspections and DIE/DIQ activities continue, although
the frequency of inspection may be reduced by the IAEA as
allowed.
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Closed-Down Phase The facility operator updates the design information
questionnaire (DIQ) as safeguards relevant changes are made to
the plant or its mode of operation. These changes are conveyed
by written addendum through the SSAC to the IAEA. The IJAEA
annually re-verifies the safeguards relevant facility features,
operation and information to detect any safeguards relevant
changes. The facility is typically defueled, although spent fuel
may remain in the spent-fuel storage bins for extended interim
storage. The frequency of inspection will be reduced by the
TIAEA, as allowed, although DIE/DIV activities would still be
conducted annually to detect any safeguards relevant changes to
the secured nuclear material and/or installed instruments.

Decommissioning Phase The IAEA continues DIE/DIV activities during the
Decommissioning Phase to verify that the nuclear facility can no
longer operate in any reduced or diminished capacity and that
any remaining nuclear material is transferred to another facility
that is effectively safeguarded.

Termination of Safeguards IAEA verifies Decommissioned status — rights to
inspection/DIV terminated.

The need for effective DIE/DIV is stressed in particular for the case of the PBMR because:

e The PBMR is a new reactor design that the IAEA has little experience safeguarding (other than the
HTR-10 in China, which is not yet at reactor equilibrium).

e The IAEA is still in the process of defining safeguards criteria more appropriate to the PBMR and
Bulk-Fuel Reactors in general.

e The IAEA has not yet defined an optimized safeguards approach for the PBMR.

e The PBMR will use extensive containment/surveillance measures to monitor the flow of fuel and
maintain continuity of knowledge over fuel in the inaccessible reactor core and spent fuel storage
bins. Proper placement of these devices can only be effectively assessed during DIE/DIV.

¢ The design of the PBMR requires a number of fresh fuel feed and core fuel discharge routes that, if
unchecked, could permit undeclared removal of fresh, core and spent fuel.

¢ The IAEA needs more experience in performing DIE/DIV at PBMRs, because it does not have
extensive experience in this area, nor are operating procedures optimized for this activity.

Having said this, the IAEA has been safeguarding the HTR-10 test reactor in China for the last
several years, and has made a number of technical visits to South Africa to better understand the intricate
design details of the South African PBMR. One must also bear in mind that while the PBMR is a new
type of modular nuclear reactor, in principle, it does not pose any safeguards challenges greater than a
conventional LWR or enriched uranium fuel fabrication plant. As has been stated, a diversion of an SQ of
either fresh fuel, core fuel, or spent fuel would involve the removal of tens of thousands, if not hundreds
of thousands of fuel pebbles, depending on which are diverted. This should be easily detected if effective
containment and surveillance measures are in place and regularly evaluated.
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Considering the proposed safeguards approach shown schematically in Figure 4, effective DIE/DIV
of the PBMR should involve verification of the design, placement and performance of the following:

e Fresh Fuel bulk measuring devices (for verifying the mass or volume of stored fresh fuel)

¢ Flow Monitors for the fresh fuel feed, discharged core fuel, recirculated core fuel, spent fuel, and fuel
samples taken for post-irradiation examination.

e The Core Unloading Device
¢ Spent Fuel non-destructive assay (NDA) and bin volume measuring system

¢ Bin volume measuring systems for the Unused Fuel, Graphite Pebble Storage and Broken Pebble
Storage bins

e Digital Surveillance systems covering the Fresh Fuel store, access to reactor service hatch and core
fuel, and the spent fuel discharge route. This includes the core unloading device, access to the spent
fuel storage vaults, access to the post-irradiation examination sample hatch, access to the high-level
waste store with damaged fuel, and potentially the IAEA instrument room.

¢ Electronic and mechanical sealing systems and tamper indicators on the fresh fuel storage drums, the
reactor access hatch, access to the spent fuel storage bins, the spent fuel bin removal line and valve,
access to the high level waste storage, access to the PIE sample hatch, and potentially access to the
IAEA instrument room.

The authentication of the aforementioned systems would need to be confirmed, and where
appropriate, the safeguards data may need to be encrypted from the safeguards sensor to the data
collection computer to prevent possible interception and manipulation. An important aspect of DIE/DIV
is ensuring that the safeguards instruments and equipment, instrument signals, and data collection
computers have been properly secured to prevent tampering. In this regard, safeguards date authentication
and where needed, encryption, are important issues and can only be easily confirmed during the DIE/DIV
of the facility.

Mr. Slabber’s original safeguards approach would provide redundant containment and surveillance
coverage of all fuel storage and flows. It is considerably more elaborate than what is currently done to
safeguard an LWR and on-load refueled (OLR, CANDU-type) reactors. This level of conservatism
however, may be appropriate considering the IAEA’s lack of experience in safeguarding this type of
reactor. Over time, this approach could most likely be optimized. The IAEA is currently developing next
generation surveillance and electronic sealing systems that would have a very prominent role in the
PBMR.% Additionally, all of the aforementioned fuel monitors, surveillance, and electronic sealing
systems are amenable to remote data transmission and monitoring (RM), as has been demonstrated by the
TAEA at a number of safeguarded nuclear facilities around the world, particularly in Japan.

4.5 Safeguards-by-Design Considerations

Because of the unique aspects of the PBMR, the following section discusses the need to consider and
incorporate nuclear safeguards design requirements at the earliest stages of the design process. Many
nuclear safeguards issues have already been considered and initially addressed by PBMR (Pty.) Ltd., as is
shown by Mr. Slabber’s detailed schematic of proposed safeguards measures in Figure 4. However, there
are additional engineering aspects that affect the ability of the IAEA to inspect and perform the design
information examination and verification activities (DIE/DIV) required to detect safeguards relevant
changes to the facility. The following section presents some of these issues for discussion. The National
Laboratory Safeguards Team does not presume to redesign the PBMR. The following points are offered
to DOE/NNSA, the IAEA, and PBMR (Pty.) Ltd. for their consideration for the sake of making the
PBMR more easily safeguarded. The following discussion necessarily focuses on the design features that
are available — i.e. those of the 400 MWth (165 MWe) PBMR. Knowing that PBMR (Pty.) Ltd. is in the
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process of redesigning and scaling down the reactor, the National Laboratory Team focused on safeguards
relevant aspects of the general design. The reader should note however, that this aspect of the preliminary
safeguards study is the most subject to revision. The safeguards relevant features of the South African 400
MWth PBMR can be found in the study performed under the U.S. DOE Generation IV design contracts,
the PBMR Ltd. presentations to the U.S. NRC, and the PBMR (Pty.) Ltd. paper describing the proposed
safeguards approach for the new reactor. °> %% 7 The redesign of the reactor is fortuitous, because it
allows the designer the opportunity to make detailed provisions for the new IAEA surveillance and
containment equipment, and fuel flow monitors that have been proposed. It is also important for the
designer to note that design issues relevant to nuclear safety, nuclear security, and physical protection
need to be considered in tandem with nuclear safeguards requirements. In the broadest sense, “nuclear
safeguards” to the public embraces nuclear safety, security (i.e., physical protection) and nuclear
safeguards. It can be challenging to meet the relevant requirements, especially in the early stages of the
design process. It is more typical that these requirements are met in a layered approach as they become
better understood by the facility operator and designer/builder. However, if these requirements are not
considered holistically at this stage, the new safeguards equipment or measures may be rendered
ineffective, or it may not be possible for the IAEA to periodically re-verify the safeguards relevant design
features of the facility after the facility goes “hot.” This is not a new challenge for IAEA safeguards
inspectors. If however, the designers of the PBMR bear this issue in mind and understand the safeguards
relevant features from the perspective of the IAEA, they will be able to make these areas accessible in the
future or remotely verifiable. A guide for implementing the Safeguards-by-Design process, from the
standpoint of project management, is indicated in the reference noted.”'

As shown in Figure 4, the PBMR has multiple flow paths for the pebble fuel, more so than in a
typical LWR. The requirement is to ensure that the fuel loading and recirculation piping systems, fresh
fuel storage, and spent fuel storage bins are not subject to tampering that would allow the undetected feed,
withdrawal, and diversion of significant amounts of fuel pebbles. These fuel transfer routes and locations
should be inspected by the IAEA during the design information examination and verification (DIE and
DIV) activities, during construction and prior to start-up of the PBMR. Being able to verify the absence of
undeclared feed and withdrawal of fuel is an important safeguards consideration for the PBMR, especially
since the fuel pebbles are not uniquely identified.

However, the challenge remains of how to inspect the transfer piping and these fuel inventory
locations once the facility goes hot. For the fresh fuel storage area, the radiation field should permit
human access. However, this will not be the case for the reactor core, spent fuel storage bins, graphite ball
storage, used fuel bin, and broken ball storage bins. Engineering design conservatism would normally
dictate that the fuel handling system piping and pipe chases be accessible for maintenance and repair
during plant operations, except perhaps for those portions nearest to the reactor vessel, where reactor
shutdown would be required to reduce radiation levels for access. To accommodate this, the piping must
also be sufficiently shielded to allow access for inspection, maintenance and repair. Inspectors must be
able to confirm the integrity of the pebble fuel transfer piping and storage bin configurations, as per the
original design information. These storage and piping systems are located within the reactor building to
mitigate external threats. They would be more secure if the major portion of the building containing the
fuel handling and storage system is embedded below grade.

The proposal for the 400 MWth PBMR building is shown in Figure 5. The current conceptual design
shows only partial embedment where the spent fuel storage is below grade, but the remainder of the Fuel
Handling and Storage System (FHSS) is at grade level, or above. Full embedment was studied as
discussed in the references noted above, but not selected since the worst-case external threat considered
was a jet airliner crash. Consequently, the designers determined it to be more cost effective to harden the
reactor building above ground, than to require additional subsurface construction. While noting the
strength and economics of this technical argument, additional hardening of the fresh fuel storage and
transfer system that will be above grade should be considered. As has been noted, the PBMR is
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effectively a hybrid between a low-enriched uranium (LEU) fuel fabrication plant and a nuclear reactor —
i.e., it is a modular nuclear reactor fueled by LEU, but it handles this fuel in bulk form like in a
fabrication plant. While LEU fabrication plants do not necessarily have hardened bunkers for storing
freshly made fuel assemblies, at the reactors these fuel assemblies are stored in secured storage wells
typically collocated within the heavily secured reactor containment building. We believe that this is the
level of protection and security for the fresh fuel storage and transfer system that the design team should
consider. In the case of the PBMR, this could be achieved by collocating the fresh fuel storage and feed
system within the reactor building, or by hardening a separate fresh fuel storage and feed building that
may be above grade.

The planned start-up procedure for the PBMR has been described by Mr. Slabber of PBMR Ltd., as
per the aforementioned reference. Per this procedure, the reactor uses in stages: i) all graphite moderating
pebbles, ii) a mix of graphite moderating pebbles and start-up pebbles at 5.7% U-235, and ultimately, iii)
equilibrium-core pebbles at 9.6% U-235. The radiation detectors in the measurement verification and
distribution block shown in Figure 4 must be sufficiently sensitive to characterize and sort all fuel
pebbles. Ideally, based on the gross radiation attributes, irradiated graphite pebbles would be routed to the
graphite storage tank, and spent fuel pebbles to the spent fuel storage tanks (bins), while recirculating core
fuel pebbles to the reactor until they reach the desired optimum burn-up of 90 GWd/t.

[ Fresh Fuel Storage
' B for feeding the FHSS
is at grade level on
this side of the reactor
building

Spent Fuel
Storage is
below

grade —m

Figure 5: Cross-sectional View of PBMR Reactor Building Showing Relative Location of Fresh Fuel and
Spent Fuel Storage Areas (Source — PBMR Ltd.)

Considering the importance of the measurement verification and distribution block, IAEA inspectors
will need to understand the design of the system and associated gross gamma and gross neutron radiation
detection system to ensure that the system will work as planned. This is important, because the IAEA will
ultimately need to rely on this instrument to determine, or corroborate, the inventory of core fuel and
spent fuel at the facility. Based on the current state of PBMR spent fuel verification technology, as has
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been noted, there is a need to improve the modeling, simulation, and non-destructive assay of core and
spent PBMR fuel to achieve this level of discrimination. The IAEA also has an established policy
regarding the joint-use of instruments for safeguards purposes with another party, such as the operator of
a PBMR or the national safeguards inspectorate.” Historically, this has made it more challenging for the
operator and IAEA to use the same instrument, although one can see the mutual advantages in this case. If
the instrument is shared, then the IAEA will need to ensure that the data they receive from the system has
not been manipulated. Conceivably, this may entail independent data collection systems for the IAEA, as
well as data encryption and authentication, and additional tamper indicating measures so that the IAEA
can reach independent safeguards conclusions using the instrument. These aspects need to be considered
in the design of the pebble fuel Measurement Verification and Distribution Block and associated pebble
fuel radiation detectors.

The IAEA must inspect the Fuel Handling and Storage System during design information
examination and verification (DIE/DIV) activities prior to start-up, to ensure that the system does not
provide a means to divert fresh or irradiated fuel pebbles. Pipe chases that will become inaccessible after
the facility goes hot, may require remote inspection by cameras, or other means, to verify that fuel
transfer path has not been altered. Inspection access ports may be required for any pipe chase that must be
otherwise sealed for safety or radiation protection. The assay systems for the Measurement Verification
and Distribution Block will require verification tests of functional capability with inspector-provided
dummy pebbles, which may encase various sources to simulate fresh LEU pebbles, core fuel, and spent
fuel pebbles. All valves that provide access to the fuel recirculation piping must be in enclosures that can
be sealed and examined for access after plant start-up. Appropriate procedures must be agreed between
the IAEA and the PBMR operator for verification of safeguards relevant configuration control so that
modifications are not made without the first informing the IAEA.

Mr. Slabber of PBMR Ltd. has proposed a safeguards approach shown schematically in Figure 4 that
relies on fuel flow monitors, tamper indicating seals, and video surveillance systems. During the design
information examination and verification activities, the IAEA inspectors will need to verify that the
proposed safeguards surveillance camera locations would provide adequate coverage. The IAEA is
currently developing a Next Generation Surveillance System (NGSS), as was described in general terms
at the recent meeting of the United States Support Program to the IAEA in Vienna.” Considering the
tentative start-up date for the PBMR of 2018, it is likely that the IAEA will be installing the new NGSS
for safeguarding new facilities. With this in mind, the designers should provide space and utilities for the
NGSS cameras and modules, particularly in the locations currently identified by the IAEA and PBMR
Ltd. The IAEA will also need to verify that the proposed locations for tamper-indicating seals would be
effective. Electronic seals are likely to be considered, especially those capable of remotely transmitting
the status of the seal, including the IAEA next generation Electro-Optical Sealing System (EOSS). In
general, the IJAEA is moving towards more efficient short-notice random inspections (SNRI) and remote
inspections. While the PBMR Ltd. proposed safeguards approach has many merits, it is likely that the
IAEA will require that many, if not all of the safeguards systems, be amenable to remote data
transmission and monitoring (RM). With this in mind, the designer will need to consider the new
instruments that the IAEA 1is using for the purposes noted and provide space and utilities for these
instruments. Safeguards instruments and cameras will need uninterruptable electrical power supplies with
battery back-up. For its part, the IAEA will need to demonstrate the placement and performance of these
systems during the final stages of facility construction prior to hot-startup, i.e. ca. 2016 to 2018.

As has been discussed, reliance on an item accounting safeguards approach is not feasible, because of
the large number of indistinguishable small fuel elements. For this reason, we recommend a hybridized
safeguards approach that would also use bulk nuclear material verification measures. Since each fresh
fuel pebble contains only 9 grams of low enriched uranium in a spherical fuel pebble having a mass of
200 grams, keeping track of thousands of pebbles appears at first blush to be impractical; however, when
the special nuclear material (SNM) content of the fresh and irradiated pebble is examined, the mass and
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volume of material that must be diverted become evident and the problem of diversion becomes one of
being able to hide the diversion of metric tons and cubic meters of graphite. The SNM content of
irradiated pebbles has been calculated by the designer and several other independent analysts and is
consistent with the estimates shown in Table 5.”* The abrupt diversion of 1 SQ of LEU in the form of
fresh fuel would require a container, or multiple containers, having a total volume between of 20 - 25 m’.
This is equivalent to between five and six standard-sized dump trucks in the United States — a very large
movement of bulk material and one that should be detectable with effective safeguards measures. For the
diversion of one SQ plutonium in the form of spent fuel, the diverter would require two to four standard
sized dump trucks. Additionally, the spent fuel would need to be packed in shipping casks, because of the
high radiation, which would make the material movement bulkier and easier to detect. By comparison
with a typical light water reactor, a single fresh PWR fuel assembly contains an average of 1/4 SQ of
LEU. A fully irradiated PWR fuel subassembly (at 55 GWd/t) contains 1/2 SQ of plutonium. In all cases
for the PWR the nuclear material content of a given volume of PWR vs. PBMR fuel is ten times greater,
or more.

Analysts have examined the potential of using specially designed target pebbles for clandestine
plutonium production in the PBMR.”>’*"" The conclusions reached from these studies are: i) One would
need at least a few tens of thousands of pebbles of a special design to produce 1 SQ of plutonium of
weapons-grade plutonium on a single pass irradiation, ii) The specially designed pebbles would be more
likely to leak fission products than the standard fuel element, and iii) The reactivity balance of the core
would be upset by the use of such pebbles. A reactivity imbalance would be indicated by a control rod
positioning abnormality. Generally, all the control rods will be nearly fully withdrawn to match the
positive core reactivity from the on-line refueling of fresh and recirculation of partially irradiated core
fuel. Consequently, a means exists to monitor for the introduction of specially designed pebbles for
undeclared target irradiation to produce weapons grade plutonium. A concurrent study being performed at
ORNL, relevant to this discussion, proposes the use of the following safeguards measures to detect
undeclared target irradiation or diversion of nuclear material from a PBMR: 8

e Pebble Radiation Inspections during Pebble Recirculation: The pebbles flow through the reactor
during irradiation and then upon discharge from the reactor though a detector to determine which
pebbles are sufficiently irradiated for disposal, and which pebbles are to be recirculated. The
radiation profile of a "special target pebble" would be different from a fuel pebble, and thus could be
detected, in principle. It is also likely that a "special target pebble" would have a higher loading of
natural or depleted uranium than a normal fuel pebble. This, in turn, means a heavier pebble. As a
practical matter for potential proliferators, pebble inspection is how the host country would find the
special target pebbles sorted from the rest of the fuel. There are strong incentives to use the reactor’s
pebble inspection system as an integral component of the safeguards tracking system.

e  Monitoring of Fuel Recirculation Records: The use of a large number of special target pebbles
would result in power and reactivity shortfalls in the reactor. That is, the fresh fuel loading or
enrichment or the enrichment of spent fuel would need to increase to provide the neutrons for the
target pebbles. Significant discrepancies between fuel loadings and power output would be strong
indicators of misuse of the reactor for undeclared target irradiation. In this context, the PBMR has a
unique feature - all of the spent fuel has approximately the same burn-up. This characteristic makes it
potentially easier to compare power production records with fuel usage to determine potential
discrepancies.

Designers of the PBMR and the IAEA should also consider the possible use of these tools for
enhancing the safeguarding of the PBMR.

Regarding bulk material verification, the most important design consideration is to provide the ability
to inspect the spent fuel storage tanks to ensure that large amounts of spent fuel (dump truck loads) have
not been diverted. The use of gamma detectors, to detect fission products (by burn-up correlation), and
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fission chambers, to detect subcritical neutron multiplication from the occurrence of spontaneous fission
in Pu-240, should be demonstrated and qualified. Active interrogation on one side of the spent fuel
storage tank by inserting a neutron source, while gamma and neutron detectors are inserted along the
opposite side of the spent fuel tank, could potentially provide another more direct method for verifying
the plutonium inventory as function of height. The storage tanks would need to be pre-mapped before
neutron interrogation could be used, to reduce statistical uncertainties and to give dual indication of the
fissile content and distribution in the storage tank. This would require multiple monitoring penetrations
and tubes down the sides of storage tanks, with one of sufficient size to accommodate a small neutron
generator. Use of the Nuclear Materials Identification System (NMIS) in active interrogation mode, with
statistical correlations to account for the radiation noise from surrounding storage tanks, may allow the
estimation of the fissile content (U-235, Pu-239) in the storage tanks to within less than a few percent of
mass.

Independent safeguards experts and analysts have also considered the technical difficulty of
reprocessing fully burned PBMR fuel and have determined that the physical form, high burn-up, and low
nuclear material content does not warrant release or exemption from safeguards, which will be discussed
in more detail in the following section.”

4.6 Other Relevant Issues

4.6.1 Spent PBMR Fuel — Can it be Reprocessed?

The issue whether spent PBMR fuel can be effectively reprocessed to recover the plutonium,
especially in terms of safeguards, is part of the broader question: Does the fuel meet the IAEA criteria for
termination of safeguards on measured discards? That is, after the IAEA has adequately verified the flow
of the spent fuel to the spent fuel bins, can the IAEA terminate safeguards on this material? The short
answer is no.

A more detailed response is excerpted below from the summary of a study performed by Ougouag,
Gougar, and Todd of INL in 2006, as requested by the IAEA through the U.S. Support Program, entitled,
“Evaluation of the Strategic Value of Fully Burnt PBMR Spent Fuel:” ¥

The spent fuel from the PBMR-400 reactor has been evaluated for suitability for further utilization in
nuclear applications. The approach taken in this evaluation is detailed and justified and the conclusions
of this study are presented.

The PBMR-400 is considered against criteria derived from the INFCIRC/66, INFCIRC/153
(corrected), and the IAEA Safeguards Manual. The principal conclusion of this study is that per the
criteria of INFCIRC/66, INFCIRC/153 (corrected), and the IAEA Safeguards Manual, the fully burnt
spent fuel from the operation of the South African PBMR-400 pebble bed reactor must remain under
safeguards until such time as it is (chemically) treated to separate the fissile material from it. The spent
fuel does not meet the criteria for termination of safeguards on measured discards. However, the
PBMR spent fuel will not require safeguards more stringent than those that apply to spent fuel from
current generation of light water reactors or to the spent fuel of other high temperature gas-cooled
reactors currently being considered for development by some entities worldwide. [ Emphasis added]
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For all cases, the Pu-238 content is very far from the 80% content required for termination of
safeguards on measured discards. The fissile isotopes content per pebble (especially Pu-239) are small
but sufficiently large to be attractive to a would-be proliferator. The fissile isotopes contents of the spent
fuel, predicted through modeling, are roughly the same magnitude as the fissile content of fresh light
water reactor fuel. As a consequence, with a small amount of processing the PBMR-400 spent fuel could
be used as a source of fuel for another reactor, albeit not another PBMR. For proper perspective, it must
be noted that the residual fissile isotopes content of prismatic block HTR concepts is slightly higher than
that of spent PBMR-400 fuel, implying at least similar safeguards constraints.

The reprocessing of TRISO-based spent fuel is a difficult and expensive undertaking. Notwithstanding
the expense, the fissile content of TRISO-based spent fuel cannot be viewed as irrevocably irretrievable
from the point of view of safeguards.

The conclusion of this study is that the fully burnt spent fuel from the PBMR-400 reactor does not
meet the IAEA criteria for termination of safeguards on measured discards. Therefore, safeguards should
be maintained on such spent fuel until it has been treated to meet said IAEA criteria. For completeness, it
is important to note that the spent fuel from prismatic block HTRs would have to be subjected to at least
the same restrictions.

The TRISO fuel kernels, with their impenetrable silicon carbide and pyrolytic carbon and graphite
coatings insure high integrity of the PBMR fuel pebbles for retaining fission product gases and, hence,
render further chemical processing difficult. However, reprocessing of HTGR fuel had at least been
demonstrated on a pilot-scale at the ICPP in the 1980s with the demonstration of the Rover Reprocessing
Head-end.?"** This process was demonstrated for the HTGR Rover rocket fuel at the ICPP, a small
reprocessing plant that reprocessed spent fuel from the U.S. Navy’s nuclear powered ships. The process
used a crusher and pyrolytic burner to crush and burn the silicon carbide and pyrolytic graphite coatings.
There were several burners in series to ensure complete combustion of the graphite and carbide coatings.
After combustion, the uranium-bearing ash was separated from the alumina bed material that carried over
from the fluidized combustors by cyclone separators. The uranium bearing ash was subsequently
dissolved in a mixture of nitric-acid, hydrofluoric acid and aluminum nitrate. Solids were removed from
the spent fuel dissolver solution, which was then fed to geometrically-safe small mixer-settlers for solvent
extraction and co-decontamination from the fission-products. The fission product bearing solution was
routed to high level active waste (HLW), while the Rover spent fuel dissolver solution was fed to a
centrifuge to remove any insoluble solids, including silica and ruthenium compounds. This solution was
then transferred to a pre-feed adjustment tank, where the solution was adjusted to meet the feed
specification for the first extraction cycle of the reprocessing plant.

Similarly, regarding the head-end reprocessing of HTGR fuel, the reference notes:*’

Attempts in the 1960s to avoid burning the (prismatic) graphite blocks were not successful. Even
when the blocks were ground to 200 mesh, the fuel was not completely leached from the graphite. And
hydrocarbon reaction products of the carbides with nitric acid caused poor phase separation in later
solvent extraction. Thus all HTGR reprocessing systems now plan to convert fuel to UO2 and ThO2 before
dissolution.

Despite the technical difficulties of reprocessing HTGR fuel, it had been demonstrated on a pilot-
engineering scale and remains technically feasible, although there has not yet been a compelling
economic demand to demonstrate it on a large commercial scale.

4.6.2 Is Plutonium in Spent PBMR Fuel Weapons Usable?

Slabber of PBMR (Pty) Ltd. asserts that the PBMR is not suited for the production of weapons-grade
plutonium (i.e. Pu-239 > 90%) and that this factor should be considered in the design of the safeguards
measures required for the core and spent fuel.** Additionally, he notes:
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In a pebble fuel reactor, attempts to divert nuclear material will be detected promptly. Any attempt to
clandestinely introduce target material for the production of weapons material will also be detected and
displayed in the operational records. It is impossible to produce weapons grade plutonium in a target of
U-238, because in a single pass, the Pu-240 isotope is larger than 20% of the Pu-239.

While this is a rational argument, the IAEA considers all plutonium isotopes as plutonium, and hence
safeguardable, excepting the case of Pu-238 thermoelectric sources where the Pu-238 content exceeds
80%. Otherwise, the isotopic content of the plutonium is irrelevant in terms of international safeguards,
and the accounting for such material is on an elemental (Pu) basis.

Also relevant to this discussion, recent U.S. DOE National Laboratory studies under the SPIKE
Project funded by NA-243, state the following:85 86

This is an extension of earlier studies that examined the attractiveness of materials mixtures
containing special nuclear materials (SNM) and alternate nuclear materials (ANM) associated with the
PUREX, UREX, COEX, THOREX, and PYROX reprocessing schemes...The primary conclusion of this
study is that all fissile material needs to be rigorously safeguarded to detect diversion by a state and
provided the highest levels of physical protection to prevent theft by sub-national groups; no “silver
bullet” has been found that will permit the relaxation of current international safeguards or national
physical security protection levels.

Whether the plutonium is “reactor-grade” or “weapons-grade” has been argued since the initial
application of international safeguards. The IAEA and its Board of Governors ultimately agreed that all
plutonium-bearing material, with the exception noted above for Pu-238, will be accounted and
safeguarded similarly.

4.6.3 Anti-Neutrino Detectors as a Safeguards Tool for the Future

Anti-neutrino detectors have been proposed to enhance the safeguarding of research reactors and
nuclear power plants by the IAEA, including the PBMR. Researchers have demonstrated that anti
neutrino particle detectors buried beneath a nuclear reactor would record and indicate whether the reactor
was operating. Proper evaluation of this data could even indicate the relative reactor power output, hence,
plutonium production in the reactor.®’” This being said, this safeguards measure is in a very early stage of
development, and it is not entirely clear what the added benefit would be, in connection with the
established safeguards approach for nuclear power plants in general, and the PBMR specifically. The
prospective safeguards approach appears straightforward and similar to the application of safeguards at an
On-Load Refueled Reactor (OLR, CANDU-type), provided continuity of knowledge is maintained over
the core fuel and spent fuel. At this stage, the containment/surveillance system configuration proposed by
Slabber, et al., of PBMR (Pty.) Ltd., with the proposed hybridized safeguards approach for bulk nuclear
material verification, would be consistent with IAEA practice for safeguarding comparable nuclear
materials and facilities. With this equipment in place under current the safeguards criteria, the IAEA
would conduct an annual PIV, together with periodic re-verification of the facility and updated design
information. If the installed safeguards equipment is set up in an unattended remote-monitoring (RM)
mode, as is envisioned, inspectors should be able to conduct infrequent short-notice random inspections
(SNRI) to confirm that the safeguards systems are operational and that the reactor remains properly
safeguarded. With this in mind, it is difficult to imagine the safeguards benefits that would justify the cost
of procuring and installing anti-neutrino detectors beneath more than 440 nuclear power plants and
hundreds of research reactors operating worldwide. In any event, the IAEA is considering the use of anti-
neutrino detectors in selected cases, with the PBMR as one of those cases. More cannot be said in this
regard until additional data concerning the cost and safeguards benefit of this safeguards measure are
better known. This is an area for further analysis, once the design of the PBMR becomes better known
and the specific safeguards approach can be optimized.
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4.6.4 Aspects of the Long-term Storage of Spent PBMR Fuel

Interestingly, the high integrity design of TRISO fuel kernels, with their impenetrable silicon carbide
and pyrolytic graphite and carbon coatings, may make the long term storage of PBMR spent nuclear fuel
easier. According to the reference cited, regarding spent fuel assemblies:**

Scoping calculations suggest HTGR spent fuel is a superior waste form to LWR spent fuel. This
should simplify licensing and may reduce cost per unit volume for the waste package.

The PBMR fuel spheres (TRISO) provide a multi-barrier for containment, given that the stable silicon
carbide layer around the uranium will last for more than a million years and the coal-like graphite itself
does not degrade underground or within running water.

Recently, at the Meeting of the United States Support Program to the IAEA in Vienna, Austria, Mr.
Bruce Moran of the Safeguards Division of Concepts and Planning outlined a futuristic safeguards
approach for the long-term safeguarding of spent fuel repositories.* This approach was comprehensive
and relied upon elaborate verification of the repository design and construction, and the use of redundant
and complementary containment/surveillance measures. It is also supported by other geophysical tools to
ensure that spent fuel is not removed from an entombed repository. The safeguards measures noted appear
to be relevant to the safeguarding of PBMR spent fuel pebbles long-term as well. Consequently, PBMR
spent fuel pebbles should be no more challenging to safeguard long-term than spent fuel from LWRs,
research reactors, or other on-load refueled reactors, such as CANDU. The monitoring of the spent fuel
pebble storage bins would be comparable to the monitoring of away-from-reactor (AFR) LWR spent fuel
assembly storage silos and casks. Relevant to the earlier discussion about re-verifying the PBMR reactor
core, work is currently on-going regarding the re-verification of spent fuel in AFR storage if C/S is lost in
that case as well. This problem is not unique to PBMR, but remains a current safeguards challenge for
many nuclear facilities and storage locations — including spent fuel repositories. While we do not mean to
give this topic scant attention, we simply note that this is a need that PBMRs and all reactors would have
in common — effective safeguards for the interim-term or long-term spent fuel repository. We also assert
that this could be effectively addressed with the complementary and redundant safeguards measures as
proposed by the IAEA. However, this safeguards approach should be demonstrated on at least interim
spent fuel storage facilities, before they are applied to long-term spent fuel repositories.
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5. CONCLUSIONS AND RECOMMENDATIONS TO NNSA
Despite the fact that the PBMR design is still in flux, the National Laboratory PBMR Safeguards

Team studied the proposed nuclear safeguards for this reactor and drew significant conclusions regarding
the Pebble Bed Modular Reactor type, consistent with the IAEA’s earlier technical assessment.

These conclusions are:

The TIAEA Safeguards Criteria does not fit the Pebble Bed Modular Reactor, under the

categories of light water reactor (LWR), on-load refueled reactor (OLR, i.e. CANDU), or “Other.”
Because the nuclear fuel is dispersed across such a large bulk of material, it could be classified as a
“bulk-fuel reactor,” and unique safeguards criteria should be developed for this reactor type by the

TAEA, in cooperation with affected IAEA Member States, and international safeguards partners, such
as U.S. DOE and NNSA.

In developing the new safeguards criteria, the IAEA should consider the bulk nature of the fuel.
The traditional requirement to identify discrete fuel assemblies in the LWR, OLR or Other-type
reactors, and verify those randomly for uranium, U-235, plutonium, and/or thorium content, does not
seem feasible or relevant in the case of the PBMR. Verification of the fresh, core and spent fuel are
more akin to U-235 or plutonium verification in a uranium or MOX fuel fabrication plant.
DOE/NNSA should work with the IAEA to make certain that this aspect is practically addressed, and
that undue emphasis is not placed on the identification and verification of individual fuel pebbles.

The ideal safeguards approach appears to be a hybridized approach employing fuel flow
monitoring, redundant advanced containment and surveillance, and bulk nuclear material accountancy
and verification techniques. This layered approach would provide safeguards “defense in depth” that
the item facility and bulk facility approach cannot provide alone.

The TAEA originally considered whether nuclear material in spent PBMR fuel was
irrecoverable because of the highly refractory nature of the fuel. However, reprocessing of similar
HTGR fuel has been demonstrated in the United States at the Idaho Chemical Processing Plant
(ICPP). Consequently, the recovery of plutonium and uranium from PBMR spent fuel must be
considered possible, although technically challenging. This has been confirmed by a separate Idaho
National Laboratory (INL) report on the subject.

Close cooperation between PBMR (Pty) Ltd., the IAEA, DOE/NNSA, and the DOE National
Laboratories to develop a safeguards approach, is essential to address the unique nature of the
PBMR (i.e., continuous on-load refueling with nuclear fuel in bulk form).

Based on the conclusions noted, the National Laboratory PBMR Safeguards Team recommends

the following next steps to NNSA, in relative order of priority:

Near-term (6 Months to 1 Year)

1.

Recommend to the IAEA Department of Safeguards, Operations Division SGOB and the
Division of Concepts and Planning (SGCP), the development of new safeguards criteria better
suited to safeguarding the PBMR and other bulk-fuel reactors. This recommendation has previously
been supported by the IAEA when the development of the PBMR was first made public.

Support the National Laboratory PBMR Safeguards Team to re-evaluate the safeguards
considerations and optimum safeguards approach for the reactor, once the redesign of the reactor has
been finalized.

Request a detailed briefing from the reactor developer, PBMR (Pty.) Ltd., to review the recent
design changes so that NNSA can help support PBMR safeguards by focusing research and
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development in support of safeguards tools and equipment amenable to improving the safeguarding of
this and related bulk-fuel reactors likely to be marketed.

4. Raise the PBMR safeguards issues and concerns noted to PBMR (Pty.) Ltd. so reactor designers
can make provisions for the proposed safeguards systems including: the IAEA Next Generation
Surveillance System (NGSS), EOSS next generation sealing system, and custom designed fuel flow
monitors. The facility design should also accommodate the tracing and verification of the extensive
fuel transfer system during the IAEA design information examination and verification activity
(DIE/DIV). The designer should consider how the extensive fuel transfer paths would be re-verified
by the IAEA, once the facility goes hot and operational. The redesign of the reactor allows a window
for more detailed and timely nuclear safeguards input in keeping with the concept of Safeguards-by-
Design.

Mid-term (1 to 3 Years)

1. Continue to support development and optimization of: i) techniques to verify the plutonium
content or radiation attributes of spent fuel pebbles, ii) burn-up computer codes for PBMR
spent fuel, and iii) bulk verification techniques for PBMR spent fuel storage bins. The need to
re-verify the spent fuel storage bins at some point in the future is likely, and the IAEA will need the
tools to perform this task — which they do not presently have. More accurate non-destructive assay
techniques for verifying the recirculating PBMR core and spent fuel could ultimately lead to a
continuous on-line assay system that could be used jointly by the inspector for safeguards purposes
and plant operator for monitoring fuel burn-up and reactor performance. The first two issues are
currently being supported by NA 24, but the third item has not previously been defined as a need.

2. Continue to support development of the IAEA Next Generation Surveillance System (NGSS),
which would greatly aid the implementation of safeguards at the PBMR and other nuclear facilities
under IAEA safeguards.

3. Continue to support the development and vulnerability testing of the next generation IAEA
Electro-Optical Sealing System (EOSS), which would greatly aid the implementation of safeguards
at the PBMR and other nuclear facilities under IAEA safeguards.

4. Support the development of effective fuel flow monitors for the PBMR. The optimized design of
the flow monitors will depend on the results of the PBMR spent fuel characterization and modeling
studies currently in progress. For the PBMR safeguards approach to be effective, the flow monitors
need to be able to reliably discriminate between irradiated graphite moderator spheres, fresh fuel, low
burn-up fuel, and high burn-up spent fuel. This has yet to be practically demonstrated.

Long-term (3 to 5 years)

4. Recommend that the IAEA begin field design information examination and verification
(DIE/DIV) of the reactor as soon as construction begins, tentatively scheduled for 2014.

5. During the DIE/DIV, recommend that the IAEA pay particular attention to the verification and
testing of the numerous fuel flow monitors and the need for bulk volume measurement systems,
especially for the spent fuel bins, used fuel bin, graphite ball storage bin, damaged fuel bins, etc.

6. Support the IAEA in developing an effective safeguards approach for the PBMR, which needs to
be implemented prior to the 2018 start-up of the demonstration reactor in Koeberg, South Africa.
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