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ABSTRACT

PRISM, a modular advanced 1liquid metal reactor (ALMR), has been
designed conceptually by GE under the U.S. Department of Energy
sponsorship. The concept design and analyses have been primarily focused
on passive safety and improved construction and operating costs.
Significantly, the unique design of multiple modules and features of PRISM
enhance waste management over conventional reactor systems. This paper
provides an overview of PRISM and of these enhancements. Inherent to the
ALMR’s, the sodium coolant precludes crud buildup on reactor surfaces and
in components and waste for disposal. Preliminary evaluations indicate
this fundamental feature results in factors of 2-4 1less waste volume and
2-3 orders of magnitude 1less curies per megawatt-electric for ultimate
disposal. For example, the trap designed for sodium cleanup is expected to
be exchanged only once every thirty years. Also, inherent to ALMR’s,
burning waste actinides and selected fission products to preclude their
accumulation and burial is very attractive. The hard neutron spectrum of
the ALMR burns the actinides efficiently and is not poisoned by the
actinides and fission products. The modular design of PRISM components
(and the fuel cycle equipment) permit replacement without expensive and
potentially hazardous volume reduction. For example, the functional
components of the reference electromagnetic pump and IHX can be removed
intact for waste disposal. Although development of the reference metal
fuel is not completed, it is estimated that (low-level) waste from recycle
of the fuel will result in significantly less volume than would be gene-

rated by aqueous recycle of oxide fuel.
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INTRODUCTION

The advanced liquid metal reactor (ALMR) is unique among the major
power reactor concepts being developed throughout the world in that it can
be made to breed substantially more fissile material than it consumes. The
utilization of this capability in modern ALMR’s will be essential in the
next century as the inevitable growth in nuclear power generation using
thermal reactors consumes first the currently abundant fissile uranium
supply and eventually the recoverable plutonium inventory. This capability
alone justifies continued timely development of the ALMR’s, but as current
studies show, there are important additional benefits that can be obtained
from the ALMR, namely: (1) enhanced performance through use of passive,
inherent safety features and elimination of more complex, engineered safety
systems; (2) improved standardization and licensability as a result of
Nuclear Reguiatory Commission (NRC) certification of the design based on an
affordable full-scale prototypic test; ({(3) improved economics and reduced
cost and schedule risk vresulting from both the more reliable 1licensing
process and from design approaches that emphasize modular factory
fabrication with minimum field labor, and (4) enhanced nuclear waste
management via recycle capability which eliminates the long life high Tevel
actinides and can be further utilized to improve LWR waste management.

In 1981 GE initiated, under its own sponsorship, a program aimed at an
innovative ALMR conceptual design. Work on the design concept has
proceeded for more than four years under U.S. Department of Energy (DOE)
programs and has resulted in the PRISM (Power Reactor Inherently Safe
Module) concept. Substantial progress has been made by the PRISM team,
headed by GE, which now includes Babcock and Wilcox, Bechtel, Borg Warner,
Burns and Roe, Foster Wheeler, Stearns Roger Division of United Engineers
and Constructors, and Westinghouse. Significant development support has
been provided to this effort by Argonne National Laboratory, Energy Techno-
logy Engineering Center, Oak Ridge National Laboratory, and Westinghouse
Hanford Corporation. Additionally, arrangements are underway to employ
Japanese and European support in the planned R& and test phases of this
program.



This paper provides a brief description of the PRISM plant design,
safety assessment, cost estimate, and in particular focuses attention on
the ALMR waste management enhancement features.

PRINCIPAL DESIGN FEATURES

The PRISM design emphasizes a low pressure pool type LMR system
enhanced by passive and inherent safety features, modular construction with
maximum factory fabrication, seismic isolation and multiple Toop operation
capabilities. A PRISM power piant includes a number of standardized
reactor modules, fabricated in a factory and shipped by whatever combina-
tion of barge, rail, and road transport that is most economic for a
particular site. Except for the module and its structure, refueling
facility and the reactor auxiliary systems, which are safety grade, the
balance of the plant is expected to be certified as non-nuclear safety
grade construction.

Overall Plant

The target commercial PRISM plant (Figure 1) utilizes nine reactor
modules arranged in three identical 465 MWe power blocks for an overall
plant net electrical rating of 1395 MWe. Each power block has three
standardized reactor modules, each with its own steam generator, that
Jointly supply saturated steam at 6.6 MPa (955 psi) to a single turbine
generator. Since each power block operates independently, smaller plant
sizes of 465 MWe and 930 MWe can be provided by using one or two of the
standard power blocks, thus providing size flexibility to the Utilities in
meeting their load demand growth.

A1l nuclear safety-related systems and buildings are enclosed within a
double-fenced and barricaded high security area. The control center,
intermediate heat transport system, steam generator system, and related
structures, which are all designated non-nuclear safety-related, are
physically separated from the nuclear portion of the plant, and will be
designed and built to high standards of industrial quality.
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A collocated fuel recycle facility is being considered for the target
commercial plant. Current studies indicate potential cost advantages for
on-site recycle of the metal fuel and recycle system being developed by the
Argonne National Laboratory (ANL), and such on-site recycle could reduce
safety and security concerns associated with off-site shipments. The PRISM
plant design is adaptable to either on-site or off-site recyc’e and both
options are being maintained.

The reactor module, the intermediate heat transport system, and most
of the steam generator system are below grade ({Figure 2). Benefits that
result from this include reduced capital cost and improved standardization
by use of seismic isolation of the nuclear island, radioactivity
containment, sodium fire mitigation. and protection from external threats
such as sabotage and missiles.

Piant Control

Control of the plant for startup, 1load following, shutdown, and
response to emergency situations is accomplished by a highly automated
plant control system (PCS). The reactor protection system (RPS) is en-
tirely separate and independent from the PCS; it functions solely to
continuously monitor reactor flow, core inlet and outlet temperatures,
flux, and sodium level and if the specified trip 1imits on these parameters
are exceeded, to scram the reactor. There is a separate RPS for each
reactor which is located in hardened and seismically isolated equipment
vaults at the reactor. The RPS is safety-grade and its operation cannot be
interfered with by either the PCS (non-safety grade) or the operators,
however, the operator can scram the reactor and can remain fully aware of
reactor status via appropriate monitoring capability.

Reactor

The reactor module (Figure 3) is about six meters in diameter (19 ft
10 in.) and about 18 meters high (60 feet). The vessels, head closure, and
permanent internal structures are fabricated in a factory and shipped as an
assembled unit to the site. The shipping weight is about 726 tonnes (800
tons). Removable internal equipment is shipped separately and installed
through the top head.
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The relatively tall, slender reactor geometry enhances uniformity and
stability of internal flow distribution and natural circulation for shut-
down heat removal. The relatively small reactor diameter results in a
structure that is stiff in the vertical direction and thereby permits use
of simple horizontal seismic isolation and eliminates any need for vertical
isolation. Refueling operations are conducted one module at a time with
the reactor shut down and the primary sodium cooled to 204°C (400°F). The
other two modules cof the power block will continue to operate, thus

enhancing availability.

Fuel

[

Uranium-plutonium-zirconium metal fuel of the type under development
by ANL in its IFR program has been selected as the reference for PRISM.
This selection was based on the excellent negative reactivity feedback it
provides for loss of cooling and transient overpower events, the competi-
tive fuel costs expected to be achieved with it, and the excellent inherent
safety performance demonstrated with metal fuel in the Experimental Breeder
Reactor-1I. Mixed oxide (UO2/Pu02) fuel is being retained as an alter-
native particularly for potential international application. The mixed
oxide core will fit in the same space as the metal core with no change of
internal structures required, and the two cores arc interchangeable.

PUBLIC SAFETY AND INVESTMENT PROTECTION

Temperature and Pressure

The PRISM core outlet temperature 1is moderate, 485°C (905°F) at full
power. This selection enables the use of conventional, well characterized,
fully qualified materials for the reactor structures (stainless steel 316
and 304 for the reactor vessel and internals, 2-1/4 Cr-1Mo for the contain-
ment vessel), i5 expected to enhance fuel life, and provides additional
temperature margin during accidental transients. PRISM operates at Tow
pressure--the reactor cover gas pressure is approximately atmospheric at
normal full power conditions; thus, there is minimum pressure loading on
the reactor primary vessel and very little stored pressure energy available



to be released if a breach of the vessel should occur. PRISM maintains
substantial temperature margin to boiling, over 400°C (720°F), at full
power operating conditions. Even under reactor vessel breach conditions,
the close coupled containment vessel will maintain excellent natural
circulation for decay heat removal.

Shutdown Heat Removal

Normal heat removal (see Figure 4) is via the bypass condenser or an
auxiliary air cooling system around the steam generator. In the rare event
that the intermediate heat transport system (IHTS) becomes unusable during
power operation, for example because of a main sodium pipe break or a
sodium dump, the reactor will scram and the reactor vessel auxiliary
cooling system (RVACS), which is always operating, will automatically and
totally passively take over full decay heat removal. (Reference 3).
Temperatures will rise and heat transfer to the atmospheric air circulating
upward around the containment vessel will increase until equilibrium
between reactor heat generation and RVACS cooling is established. Figure 5
shows calculated core outlet sodium temperatures Ffor RVACS cooling alone
after loss of all cooling by the IHTS at full power, with reactor scram.
The temperature peaks after about 30 hours at a nominal value of less thar
590°C (1094°F) with a 20 margin below the American Society of Mechanical
Engineers (ASME) service level C Timit of 636°C (1176°F).

The redundant air flow passages combined with substantial margins in
the design make RVACS extremely tolerant of accidental flow blockages, as
well as surface fouling. Even with 90 percent air blockage, the
temperature remains well below the ASME service level D.

Reactivity Shutdown

The plant control system (PCS) causes the six control drives to insert
control elements to adjust power to respond to load requirements and to
maintain core outlet sodium temperature within specified limits. If an
emergency event develops too rapidly for the PCS to control it, then the
safety-grade reactor protection system {RPS) will independently sense this
and will respond by "scramming” the reactor.
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The PRISM core is designed tc also provide strong inherent negative
reactivity feedback with rising temperature. This design characteristic,
combined with the RVACS heat removal capabilities makes PRISM capable of
safely withstanding accidental transients without scram while maintaining
investment protection, including, for example: (1) Loss of all cooling by
the intermediate heat transport system and loss of primary pump power from
a full power condition, without scram; and (2) Withdrawal of all control
rods at the maximum rate {rom a full power condition.

ECONOMICS

In addition to providing outstanding safety and performance
characteristics, the design approach for the ALMR system (reactor and fuei)
enables capital cost vreductions through increased factory fabrication,
expedited learning curve effects, fewer nuclear safety-related systems, and
design standardization with NRC certification to a degree beyond that for
plants that have been built or are under construction in the US. The
projected capital costs for the Nth-of-a-kind ALMR system over a range of
plant sizes compare favorably with those projected for future LWR’s and
coal plants (Figure 6). Estimated busbar costs for the ALMR system also
compare favorably with those projected for both future LWR’s and future
coal plants (Figure 7). While it is early in the development process,
these competitive cost projections have been extensively reviewed and are
felt to be achievable.

WASTE MANAGEMENT ENHANCEMENT

Significantly, the design features of the ALMR system enhance nuclear
waste management over conventional reactor systems. These enhancements
(see Figure 8) are discussed below.

Modularity

The modular design of the ALMR system and its components permits
replacement without expensive and potentially hazardous volume reduction
(required for larger designs). For example, the functional components of
the reference electromagnetic pump and the intermediate heat exchanger

12
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(IHX) can be removed intact for waste disposal. Essentially all of the
ALMR system (reactor and metal fuel system) components will be designed to
be modular and are readily replaced as required. The removed components
can be decontaminated, if necessary, and disposed of intact in waste
packages without excessive volume reduction.

Sodium Coolant

In contrast to water coolant in LWR’s, the sodium coolant in ALMR’s
precludes crud buildup on reactor surfaces, piping and other components and
results in very low curie content in the reactor waste for disposal.
Preliminary evaluations indicate this very important feature results in
factors of 2-4 less waste volume and 2-3 orders of magnitude less curies
per unit of power produced for ultimate waste disposal. Due to this
feature, the cold trap system designed for sodium cleanup is expected to be
exchanged only once every thirty years of operation. Obviously the data
for ALMR’s are 1limited because of a Timited number of operating LMR’s.
However, the very favorable experience with the FFTF and EBR-II reactors
indicates a very significant benefit in terms of waste volume and curie
content. Since the radiation exposure in the ALMR plants is primarily due
to the sodium coolant activation, which decays rapidly upon shutdown,
personnel exposure is expected to be very minimal with a present goal of 20
man-Rems per year per ALMR plant (1400 Mwe).

Fuel Recycle

The reference metal fuel pyroprocess being developed by ANL provides
opportunity for reduced quantities of waste. The primary reason for this
is the small process stream and fewer process steps to process metal fuel
compared to processing oxide fuel. In addition, and very importantly, the
higher, longer life actinides are processed with the plutonium and uranium
in the metal fuel pyroprocess. Assuming the actinides are transferred
guantitatively with the fuel, this could reduce the high level waste (HLW)
storage requirement from millions (106) to hundreds (102) of years. While
development of the ALMR metal fuel process is ongoing, it appears to hold
great promise for removing long life actinides from the waste stream.
Partitioning of actinides in oxide fuel recycle, while also feasible, does
not appear to presently offer the same economic potential.

16



Actinide Burning

The ALMR system is better suited to burn actinides than other reactor
designs due to its harder spectrum. Burning the higher, Tlonger 1life
actinides (and selected fission products) in the ALMR precludes their
accumulation and subsequent burial. As indicated above, an attractive
feature of the ALMR metal fuel recycle system is that the actinides are
recycled with the fuel. This feature, in concert with the ALMR reactor
capability to burn the actinides without significant technical (not
poisoned by the actinides or fissicn products) or economic impacts offers
an attractive waste management option. This would allow the ALMR to "eat
its own actinide waste" and to additionally eat the LWR long life actinide
waste as startup fuel for appropriate deployment of the ALMR system (see

Figure 9).
CONCLUSIONS

The ALMR’s features of fewer and simpler safety systems, seismic
isolation, passive decay heat removal, inherent reactivity control, and
substantial margins from structural and fuel damage limits during potential
accident situations result in significant gains in public safety and
protection of the owner’s investment. The use of a standardized and
certified (by full scale test) modular design with minimum field construc-
tion and extensive factory fabrication coupled wtih a breakthrough fuel
recycle system results in a plant and fuel system design that is economi-
cally competitive against projected coal plants and other nuclear design
approaches in the next century.

The design of the ALMR system and its capability to efficiently burn
long life actinides due to its harder neutron spectrum, is a major
improvement in solving the nuclear waste management challenge. This
potential for the ALMR system to not only eliminate long 1ife HLW from its
own recycle but also from the LWR spent fuel cycle is a major step towards
better public acceptance of the nuclear option. This ALMR nuclear option
offers an environmentally attractive 1long term energy security appreach
(see Figure 10).

17
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