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Abstract

A system is proposed for the utilization of nuclear energy to produce hydrogen, electricity,
potable water and other marketable resources in a self-contained, modular plant featuring zero carbon
emissions. The reference process for hydrogen production (and oxygen byproduct) is the Sulphur-
Iodine thermochemical water cracking cycle. This cycle requires process heat at up to 900”C
temperature which is provided by a fast neutron spectrum, heavy liquid metal cooled converter reactor
designed for near autonomous operation during a 15-year refueling interval. The reactor is radically
simplified and of modular construction for economic competitiveness, and is additionally designed for
proliferation resistance and passive safety. It features maximum fission conversion of fuel and
actinides for long core operating lifetime, minimum waste, and sustainability. The reactor heats a
gaseous heat transport medium for operation of the water cracking cycle, “waste” heat is used for
desalinization and process heating. The potable water produced is used for local consumption and to
feed the water cracking process. A fraction of the hydrogen and oxygen products of this process are
used to power a combustion turbine cycle for high efficiency base or load-following electricity
generation. The main portion of the hydrogen is available to power fuel cells envisioned to be used in
the transportation sector.

Motivation and Overview

The goals of the proposed concept are to achieve an expanded role for nuclear energy; to extend
its applicability into the non-electric two-thirds of the primary energy market; and to provide a
sustainable global energy supply architecture with fission generated heat coupled to those modern
energy converters (gas turbines and fuel cells) that will already be in widespread use in the decades
following 2020 (Wade, 1999). The architecture will employ dual energy carriers (electricity and
hydrogen) which avoid reliance on economy of scale, are suitable for moduhuization, and which
achieve very high conversion efficiency of energy resource to end use. Potable water and other
process heat products will be generated in addition.
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Hydrogen and water distribution favors regional sized networks and thus is well suited for
modular sizing of distributed regionalized production sites. The concept proposed here comprises a
nuclear-based energy supply system suitable for deployment in 300 MWth increments in developing
economies. For industrialized economies, modular batching can be used for larger increment additions
since economy of serial fabrication is used in place of economy of scale.

The concept employs a fast neutron spectrum reactor, passively safe and having a 15 year
refueling interval, which supplies high temperature (-900 ‘C) heat to an integrated process heat
cascade driving a thermochemical water cracking plant and hydrogen-fueled combustion turbine cycle
to generate dual ener=~ carriers - electricity and hydrogen -- and with integrated capability for potable
water production from brackish or salt water desalinization. The reactor is cooled with heavy liquid
metal (Pb or Sri). High-temperature gas (He, Nz, COZ, etc.) is used for the heat transport from the
reactor to the process heat plant. The water cracking for hydrogen production process is integrated
with electricity and potable water manufacture and tied to a fast neutron spectrum reactor specifically
to achieve long term energy sustainability on the basis of no carbon emission, no competition for
potable water, and using only plentiful (U238and/or Th232)feedstock for many centuries of energy
supply capability.

The overall concept is illustrated in Figure 1.

Plant Design Approach

A fast-spectrum, fissile self-sufficient converter reactor using heavy liquid metal coolant is
proposed for the nuclear heat source. This type of reactor -- by employing fission consumption of
virtually all actinides feedstock -- is capable of achieving a high utilization of the known nuclear multi
century fuel resource base, and for minimizing the radioactive waste stream. The use of a heavy
liquid metal coolant (lead or tin) preserves the traditional benefits of liquid metal coolant (compact,
low pressure system and separate coolant and working fluids). Moreover, its use realistically enables
ultra-long core refueling interval (15 years) to achieve proliferation resistance and high capacity
factor. These coolants also facilitate reaching the high temperature (-900°C) required for coupling to
a thermochemical hydrogen production process – and doing so with a sustainable fast spectrum
reactor.

Since economic competitiveness is the crucial prerequisite to market penetration, attractiveness
to investors requires low capital cost and short construction time. This concept relies on
simplification, standardization, modularization, and fast, simple construction and startup. Radical
simplification is incorporated in the nuclear heat supply to lower capital cost including elimination of
primary coolant pumps, the intermediate coolant heat transport system, and the onsite refueling
equipment. It relies on factory fabrication of modular-sized plants to lower construction cost and
installation time interval and on passive safety to limit safety-grade equipment and construction
practice to the reactor but not the balance of plant.

For low operating cost, the concept relies on high energy conversion factor, extremely high
capacity factor, and reduced stat?%g. Operating cost will be reduced by the ultra long (15 year)
refueling interval; base loading or load-following the plant electricity production using energy products
produced and stored on site (hydrogen, oxygen, and potable water); maximum fission conversion of the
fuel (U238or Thm2) feedstock; and semiautonomous operation which reduces operating stafilng levels.

The approach to safety is based on exploiting the low (ambient) pressure and large thermal
inertia condhions attainable with liquid metal coolanc extensive reliance on passive safety response;
exploitation of the chemical inertness of heavy liquid metal (lead or tin) coolant, and passive channels
for decay heat removal using atmospheric air as the inexhaustible heat sink. This passive safety
approach allows for standard industrial practice in the balance of plant – with safety functions
consigned to the nuclear island only.



Proliferation resistance features of the concept are based on the long refueling interval with no
onsite fuel handling equipment; cartridge refueling; and front and back end (including waste
management) fuel cycle services conducted exclusively at large regional facilities under international
oversight.

Reactor Heat Source Design Approach

The reactor module design is based on the STAR-LM Pb-Bi cooled modular reactor design
which is currently under development at Argonne (Spencer, 2000). For the proposed water cracking
application, the STAR-LM coolant will be changed from Pb-Bi to Pb, the outlet temperature will be
raised, and the invessel steam generators will be replaced by invessel Pb to gas heat exchangers.
Because the STAR-LM work which has already been completed has established neutronics and
thermal hydraulics feasibility and applies directly to the proposed high temperature reactor module
concept, it is described briefly below.

The configuration of the STAR-LM concept is illustrated in Figs. 2-3. The elevation view of
the pool system, Fig. 2, illustrates the extreme extent of system simplification. There are four key
modular elements: 1) the core cartridge module, 2) the core fuel assembly, 3) the heat exchanger
(steam generator) modules, and 4) the coolant module.

Core Cartridge Module. The core cartridge module is functionally a “flow-thru fuel cartridge”
which is assembled at the factory, transported intact, and inserted in the coolant module at the client’s
site. It consists of the fueled core assembly, coolant inlet diffuser plate, steel shieldingheflector
structures, and the core barrel/coolant riser. The module forms the vertical (heated) leg of the natural
circulation heat transport path. The module, containing the fueled core assembly, is inserted into the
larger coolant module as shown in Fig. 2. It is removed for replacement at end of life (goal -15
years) and returned to the regional front and back end fuel cycle support facility. The module is a
welded, ferntic steel structure that affords no access to any core materials. Its bottom head is
perforated with holes for passage of coolant into the core, and its upper wall is perforated with holes
for flow of coolant to the steam generators (SG) and for communication of the cover gas region. The
module is suspended and sealed into the coolant module from its top head. The main top head
penetrations are for instrumentation and contro~ there are no penetrations enabling access of the fuel.
The outside diameter of the core cartridge module including its integral steel shielding is presently
2.8 m.

Fueled Core. The fueled core consists of an array of fuel pins (elements). Ducted fuel
assemblies are not required and are not provided, albeit there is pro~ision for multiple core enrichment
zones. Reference core parameters have been established based on criteria for achieving natural
circulation heat transport and avoidance of channel blockages. The fuel pin lattice is open and the
power density is low. The reference parameters for the 300 MWt low power density core include:
2.5 m core diameter, 2.0 m active fuel height, 0.5 m fuel element plenum height, 12.7 mm fuel element
outside diameter, and 1.47 pitch-to-diameter ratio in triangular lattice. The fuel is uranium nitride
(UN) with LBE bond fluid. Fuel pins are supported by grid spacers. Core upper structural materials
and cladding for STAR-LM operating at 550°C are ferritic-martensitic steel,* consistent with the
Russian practice. Presently, 0.2 m thick steel surrounds the core, augmenting the coolant as reflector
material and functioning as shielding to protect the coolant vessel.

Cookznt Module. The coolant module consists of the reactor vessel, vessel liner, internal
structures for positioning the core cartridge and steam generator modules, top head penetrations for
inserting and sealing the reactor and SG modules, and piping to accomplish the coolant conditioning
function (Fig. 2). The coolant vessel presently has overall dimensions 5.5 m outside diameter and 14
m height. (These dimensions are significantly smaller than criteria for overland transportation of

*The materials for the proposed high temperature Pb-cooled concept have not yet been selected.



factory-fabricated vessels.) Both the SGS and the core cartridge module are supported from the top
head of the coolant vessel. Internal steel structures provide lateral support and hydraulic sealing for
the various modules. There is a coolant vessel liner which extends above the coolant level into the
cover gas region to a specified height. This liner serves several purposes: it elevates the system cold
leg to the entire height of the coolant vessel so that, consistent with Russian practice, the vessel
material can be austenitic stainless steel; it provides a pathway for steam leaked into the coolant at the
bottom of the SGS to rise into the covergas region while preventing coolant bypass of the SGS during
normal operation;t thirdly, it increases heat loss from the vessel under accident conditions when the
coolant inventory is heated to the extent that it spills over the top of the liner and convects heat to the
passive vessel cooling system over the vessel entire height.

The coolant module is sized to allow for factory fabrication and transport and rapid installation
at the client’s site.

There are two subsystems of the coolant module important to the viability of the concept which
require further development and testing:

1. Passive Overpressure Protection+ - As a design basis accident, system
overpressurization due to steam generator tube rupture (SGTR) is to be prevented. This is
accomplished by providing passive overpressure relief consisting of a rupture diaphragm, a vent
pipeway, and a sparge tank for steam condensation and retention of radioactive species. The system
is located within the reactor containment boundary. Steam generator isolation terminates the
blowdown into the reactor vessel.

2. Coolant Conditioning - There is a requirement to maintain coolant purity while
controlling oxygen in the proper range for corrosion protection. This must be accomplished on-line
during normal operation. Accordingly, two (redundant) trains of conditioning loops are provided,
each loop having a capacity of - 10% of the normal natural circulation flowrate. This requires the use
of pumps in these trains. These trains consist of cold traps to control purity plus oxygen sensors and
control systems to maintain oxygen in the required range. In Russian naval practice, oxygen is added
by dissolving PbO balls into the coolant, and it is lessened via injecting a microdispersion of bubbles
of hydrogen gas in a helium diluent. Impurities are removed as solids/precipitates trapped in a
fiberglass-like filter medium (Gromov, 1999). In contrast, for STAR-LM, the approach has been to
prevent formation of precipitates using the cold traps and to remove solid particulate, such as flakes of
surface oxide, by the filtering effect of the cold traps or by flotation to the coolant surface since such
particulate is less dense than the coolant itself. The cold trap technology is well known, developed for
sodium systems to prevent Na20 and NaH from reaching levels of precipitation at the heat transport
system minimum temperature. During normal operation, the trains are aligned to take suction from
the cold leg and discharge to an outlet manifold beneath the SG seal plate (also in the cold leg). The
design of this outlet manifold satisfies the requirement to avoid stagnation in a pool configuration. By
aliening the trains to take suction from the hot leg, these pumps can also be used by the operator to
accelerate the time to reach full natural circulation coolant flowrate.

Guard Vessel. The coolant vessel is contained in a guard vessel which, as in PRISM (Gyorey,
1990), is also the containment boundary (Fig. 3). The guard vessel fulfills the requirement to retain
any leaked coolant and prevent coolant loss to the extent that the normal heat transport path would be
interrupted. The gap between the coolant vessel and the guard vessel is inerted and is monitored for
coolant leakage. The gap is sized for in-service inspection equipment. Analysis is underway
exploring the possibility to use “venetian conductors” in this gap which would introduce benefits of
1) increasing the effective mass of the system thereby reducing transient effects without increasing the
Pb-Bi (LBE) coolant mass; 2) providing conduction heat transport between the coolant and guard
vessels which benefits the auxiliary heat removal function, and 3) enabling in-service inspection upon
temporary removal.

* The same approach will be used for He leaks in the proposed high temperature reactor.



Reactor Auxiliury Cooling System (RVACS). Redundant, passive heat removal is provided by
cooling the outside of the guard vessel in the event all steam generators are unavailable for heat
removal. This system is based on natural circulation heat removal using atmospheric air as the
ultimate heat sink (Fig. 3), as developed for PRISM. There is very little heat loss from the system
unless the bulk coolant heats up during a transient such that hot coolant flows over the top of the
vessel liner in the cover gas region (by thermal expansion) and flows down along the entire height of
the coolant vessel. Preliminary analysis has indicated that design goals can be accomplished using
cooling fins on the exterior of the guard vessel.

Contiinnzent. The containment boundary is the guard vessel in the reactor silo and the interior
surface of the head access region above the silo. The head access region contains the steam collector
and feedwater distribution piping, the blowdown quench tank for the overpressure relief system (for
accommodation of SGTR and retention of Po), and the trains of coolant conditioning (Fig. 3).

Sei.wmk Zsohztion. The nuclear island consisting of the modular reactor system, steam and
feedwater piping, RVACS system, and containment volume is supported by seismic resistor paths for
seismic isolation as illustrated in Fig. 3, analogous to the PRISM A approach, where required by site
conditions.

Preliminary Core Neutronic Design. Neutronics analysis has been performed to investigate the
viability of the ultra-long life, low power density STAR-LM core (Hill et al., 1999a and 1999b). The
objective was to explore the viability of various candidate fuel forms, explore various options for
fissile feed material, and scope the required levels of enrichment and reflector configurations; the
figures-of-merit were mainly bumup reactivity swing, end-of-life fuel bumup, and end-of-life module
fluence. Limited evaluation of reactivity coefficients has been performed. The reference parameters
for results presented here are consistent with the open lattice, low power density thermal hydraulic
parameters; i.e., 300 MWt power, 2.5 m OD x 2 m high active fuel region, core composition about .20
fuel/. 12 cladding/.68 coolant, 25 cm thick peripheral steel reflector (for shielding benefit), and open
lattice with two enrichment zones. For this study, the goal lifetime was 15 years with 80% (rather
than the goal 100%) capacity factor.

The performance characteristics and material distributions for a once-through equilibrium fuel
cycle were performed using a 3-D (hexagonal-Z) nodal diffusion method and a twenty-one energy
group structure. The depletion calculation utilizes bumup chains for nuclides ranging from U-234 to
Cm-246. The region dependent broad group cross sections are based on ENDF/13-V.2 data.
Reactivity feedback coefficients were evaluated using the finite-difference diffusion theory option of
the DIF3D code and21 group cross sections.

An extensive series of trade studies was performed to develop a favorable configuration for the
low power density natural circulation design (Hill, 1999a). The results of these trade studies provided
numerous insights: 1) The neutronics impact of various lead alloys were evaluated. Bismuth is not as
good a neutron reflector as lead, and LBE has a -l%Ak penalty in bumup swing compared to pure
lead. 2) The importance of accurate fission product modeling was demonstrated. Beeause of the
single batch refueling of the core, the impact of fission products on the EOC reactivity is magnified.
3) Two-region enrichment zoning reduces the burnup swing by 1.5%Ak compared to a one-zone
design; the optimal enrichment split for the geometries investigated in this study was 1.40.

A unique aspect of the LBE-cooled designs is the sensitivity to modeling of the reflector regions
surrounding the active core. Because LBE is a better reflector than steel, the enrichment and bumup
swing can be reduced considerably by utilizing LBE reflector zones. However, LBE reflectors are not
effective in shielding the in-vessel structures, and when the innermost steel region is located near the
core edge, the damage was estimated to be 40 dpa for a 15-year lifetime; whereas, a design limit of
-10 dpa will likely be required. Preliminary results indicate that roughly 25 cm of steel shielding are
required to hold to reasonable damage levels for the 15-year lifetime core cartridge vessel. Therefore,
the superior LBE reflection could not be exploited in the outer regions.



Performance comparisons are presented in Table 1 for nitride, metal, and oxide types of fuel
using weapons grade Pu as the fissile feed. The metal fuel (with 10% Zr) has the most favorable
characteristics owing to its very high heavy metal density. The peak burnup and peak fluence values
are both within the exiting database range of 150 MWd/kg and -4 x 1023n/cm2, respectively. The
bumup reactivity loss over the 15-year cycle is a relatively modest 2.44%Ak, although the ultimate
goal is to reduce this to an even smaller value. The oxide fuel has a much lower fuel density which
results in large increases in enrichment and bumup swing ( 18%Ak); oxide fiel is not considered
viable for a long-life core desi=n. The nitride fuel has a heavy metal density of 13.1 g/cm3, only
- 10% less than metal fuel.

Results in Table 1 indicate that the bumup swing increases iiom 2.4 to 7.9%Ak. These results
are preliminary and do not reflect ongoing analyses intended to minimize the bumup swing (with a
goal of zero swing) in the fast spectrum converter core.

The N-14 present in the nitride fuel has two adverse effects: spectral softening and neutron
absorption (compared to the metal fuel zirconium diluent). In addition, the generation of C-14 by the
N-14 (n,p) reaction makes the inclusion of N-14 undesirable; thus, N-15 enrichment has been
proposed for nitride fuel application. Results in Table 1 indicate that the bumup swing decreases to
4.5% when N-15 is utilized.

The reference analyses utilized the most favorable fuel loading: high density metal fuel and
weapons plutonium isotopics. Results are summarized also in Table 1 for light water reactor (LWR)
discharge plutonium (LWR TRU) and enriched uranium fissile material cases. The LWR transuranic
feed increases the bumup swing from 2.4 to 6.O%Ak because the less favorable isotopics requires an
enrichment increase (by 3.5Yo), displacing fertile U-238. In a similar manner, the enriched uranium
case has a higher enrichment requirement, and the bumup swing increases to 4.75 °AAk.

It can be seen that peak bumup and fluence are not presently limiting for the 15 year core, but
rather that the burnup reactivity swing is most limiting the neutronics design. Approaches to fully
exploit established fuel endurance capabilities will be explored in the future.

Initial results were obtained for the kinetics parameters and reactivity coefilcients. Fuel form
and fissile material correspond to Case 3 in Table 1, the most favorable combination, for these
calculations. Results are presented in Table 2. The delayed neutron fraction is 3.62E-3, characteristic
of a plutonium-fueled fast reactor. The beginning-of-cycle (BOC) excess reactivity was calculated
from the bumup swing (Table 1). The use of LBE has a generally favorable effect on coolant void
worth, but nevertheless the result for the low power density core is a positive $3 owing to relatively
small leakage. In general, these reactivity coefficients are comparable to those calculated for other
small fast reactors -- designs which proved to have good passive safety characteristics.

Passive safety response is a result of reactivity feedbacks driving a favorable core response to
postulated initiating events, such as loss of heat sink. Under such circumstances, the reactor responds
by inherently shutting itself down and passively rejecting decay heat. The feedbacks indicated in
Table 2 are in a range which will assure passive safety response. Core designs having positive void
coefficients have been accepted by licensing authorities in the past owing to prevention of coolant
boiling attributable to this passive self-shutdown response (USNRC, 1993). Further, with the LBE
coolant, the prevention of boiling is inherent owing to its very high boiling temperature (which
exceeds cladding melt temperature). Such a passive safety strategy makes it possible to remove all
safety functions from the process heat cascade. The process heat cascade therefore can be built and
operated to conventional industrial standards.

The results described above for the STAR-LM design have shown that the neutronics and the
thermal hydraulics design targets will be technically feasible for the new proposed high temperature
reactor. Therefore, the remaining (and very significant) reactor design issues will revolve on finding
acceptable structural materials for the 900°C service conditions.



Process Heat Cascade Design Approach

The process heat cascade is proposed to include a thermochemical water cracking cycle at high
temperature and a water desalinization plant at low temperature. Heat recovery equipment will be
used to increase thermal efficiency of the plant; both electricity generation and auxiliary process heat
products will be investigated for usage of the recovered heat. Product streams will include hydrogen,
oxygen, electricity, potable water, and optional energy intensive auxiliary products.

Working Fluid. The reference working fluid to carry the heat from the reactor to the integrated
process heat cascade is helium, although other candidates are also being considered. Helium can be
used directly to feed the water cracking and desalinization processes. Heat exchangers similar in size
to the steam generators of STAR-LM are proposed for insertion in the reactor coolant pool for heating
the helium (F@. 4). Use of the heat exchanger assures that no radioactive materials are transported
from the reactor to the process heat equipment in the plant. We have performed scoping calculations
which indicate that immersed U-tubes can be practical for this application. In the analysis, the helium
inlet temperature is 425”C. (This is based on a criterion that the working fluid inlet temperature be
- 100”C higher than the Pb coolant freezing temperature, eliminating possibility of coolant freeze-up
in the event of a cooling transient). The analysis was based on a reactor outlet temperature of 900°C
and total thermal capacity of 300 MWt. The tubes uniformly occupy the pool annulus using the same
tube size and pitch as for STAR-LM (Fig. 5). In this case we found that the helium would be heated
to an outlet temperature of 890°C (10”C lower than the coolant outlet temperature) using tube
immersion lengths of -5.2m total U length. This will readily fit into the same (transportable) coolant
module size as developed for STAR-LM, demonstrating the feasibility of this reference-case
approach.

MuItiple Products - Hydrogen, Electricity, Fresh Water, and Oxygen

The object of this concept is to deliver hydrogen, electricity, fresh water, and oxygen. The
Sulphur-Iodine (S-I) thermochemical water cracking cycle considered here (see Fig. 6) has been a
leading contender among the numerous thermochemical water cracking cycles studied since the
1970s. It is currently under development at ENEA (Italy), JAERI (Japan), and elsewhere. The UT-3
cycle is also being considered; potentially operating at a lower temperature (-700°C), it could be
expected to reduce R&D efforts on the materials of construction for the reactor module.

While hydrogen and electricity will be the high value products from this cycle, oxygen at -25%
the value of hydrogen will also be produced in quantity (at % the molar volue of the hydrogen
production). Historically, the U.S. demand for oxygen exceeding 8.5 x 109 nm3 annually has been
threefold the demand for hydrogen. Hence, we see this as a valuable product from the cycle.

Employing “waste” heat for desalinization is a key element of the concept. Fresh waster is
already a premium commodity that increasingly over the next century will have a high value similar
to energy; it will represent a market of significant growth and can be foreseen to co-develop with the
hydrogen infrastructure and market. Moreover, in a world increasingly demanding fresh water for
crops and for human consumption, it is appropriate to use the waste heat from the energy plant with
non-potable ocean or brackish waters as the means to derive the water feedstock needed for the
nuclear-driven hydrogen cycle. A cost comparison of nuclear desalination with the traditional thermal
and membrane methods favors a desalinization design based on a multistage flash evaporator (MSF).
We believe this design is especially adaptable to integrating the waste heat from the nuclear
heathhermochernical hydrogen production. (Non-condensable gas removal equipment is the major
ancillary component.)

For electricity production, we currently favor the hydrogen-fueled combustion turbine cycle
(Bannister, 1998). This combustion Rankine cycle is said to be capable of >70% efilciency using
near term technology and even higher efficiency in the longer (20 year) term based on development



and implementation of improved high-temperature materials. The system combusts Hz and 02
(produced and stored on-site for this purpose). The high-temperature reaction product, steam, is
diluted using low-temperature turbine cooling steam to appropriate operating temperatures for the
various turbine stages, 600- 1600°C for the near term reference plant. Excess condensate can be
delivered back to the input stream to the water cracking cycle. This reference approach inherently
separates the electricity generation from the nuclear heat source; it takes advantage of the very high
eftlciency of the combustion turbine cycle for either base-load or load-following duty; and, owing to
on-site storage of HZ 02, and potable water, elecrncity production can continue through periods of
reactor and water cracking plant outages.

Outline of Required R&D

The plant concept proposed here builds on but markedly extends work already in progress at the
proposer’s institutions and elsewhere. As described above, the reactor design is an extension to Pb or
Sn coolant and to higher outlet temperature of the STAR-LM modular, lead-bismuth cooled reactor
design currently under development at Argonne National Laboratory. The design draws on the
demonstrated passive safety approaches used for the Integral Fast Reactor and on the heavy liquid
metal coolant technology recently declassified from the 30 years of Russian nuclear submarine
experience base (Gromov, 1999). The factory fabrication/modular construction approach rests on the
General Electric technology for their Advanced Liquid Metal Reactor offering.

The multi-product process heat cascade will integrate process design and waste heat recovery
and usage to aid in developing an economically attractive system. Integrated process design
candidates will be developed on the latest release of the ASPEN process design simulation program
originally developed by MIT, and economic evaluations will be developed consistent with Stermole,
(1996). Several schemes are under consideration that will be able to employ the oxygen generated in
massive quantities by water cracking to improve the overall process efficiency and economy.

Many technical challenges remain. The materials-related technical database for high
temperature Pb coolant draws on the development, testing, and experience gained in Russia during the
past four decades on coolant, cladding, and structural materials technology for successful operation of
LBE-cooled reactor systems, and on the early U.S. work on high temperature liquid metal corrosion
of structural materials. An extensive program of R&D will, nonetheless, be required to establish a
licensing database for coolant/structure compatibility at the 900”C temperature range. But, since that
situation exists jbr any heavy liquid metal cooled innovative reactor, no matter what temperature is
chosen, we have elected to set our goal to achieve a step change in the future role for nuclear power
by initiating development of a sustainable nuclear- driven hydrogen economy achievable only with
higher coolant temperature. Basic materials compatibility tests have been launched at ANL based on
testing previously conducted in the U.S. in the 1950s (Hoffman and Manly, 1957). In one set of tests,
quartz static capsule tests are being conducted using specimens of various alloys at temperatures up to
1000”C. In another set of tests, quartz thermal convection harps have been constructed for study of
nonisothermal corrosion and mass transport in circulating LBE. The first test has been initiated using
HT-9 steel (similar in composition to the Russian EP-823 steel used for LBE service at up to -600”C).
This first test has operated between 600”C (hot leg) and 400°C (cold leg) for 4500 hrs. These basic
facilities are providing early “hands-on” experience with LBE coolant while programmatic directions
become clearer before launching into larger test facilities.

The thermochemical water cracking cycles – whether S-I or UT-3 – will also require substantial
R&D to move from bench scale to an industrially deployable state. As reported in other papers at this
meeting, efforts are already in progress at several laboratories. We can rely on substantial in-house
experience on the water desalinization component of the plant.
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Conclusion

The proposed concept which uses a sustainable fast neutron spectrum reactor approach is at a
very early stage of development. Its design goals will likely take several decades to achieve. In the
meantime, as discussed in other papers at this conference, near-term opportunities based on thermal
spectrum reactors already exist to apply nuclear heat or electricity for hydrogen production to start the
development of the long-term nuclear based hydrogen economy.
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Table 1. Performance Comparison for Variation of Fuel type and Fissile Feed

Case I 1 2 2 I A I c I L I

Fuel Type Nitride Nitridea 1
Weapons Weapons

Mb
Pub

13.1 13.1

I Inner I 11.7 I 10.5 I 9.2 I 16.4 I 12.8 I 13.1 I
Outside 16.3 14.7 12.9 23.0 17.9 18.3

Bumup Reactivity Swing, %Ak 7.86 4.46 2.44 18.23 6.04 4.75
Peak Linear Power, W/cm 62 62 59 62 60 58
Average Bumup, MWdlkg 64 63 58 89 58 59
Peak Bumup, MWd/kg 97 105 101 136 100 92
Peak Fast Ftuence, 1023n/cm2 I 2.70 2.97 3.56 2.62 3.45 2.95
‘with 100% N-15 enrichment.
b93.7% Pu-239, 5.7% Pu-240, 0.3% Pu-241, 0.3% Am-241.
‘1.01 % Pu-238, 50.8% Pu-239, 19.9% Pu-240, 13.4% Pu-214, 3.88% Pu-242, 5.4% Np-237,
2.5 1% Am-241, 2.48% Am-243, 0,62% Cm isotopes

Table 2. Reactivity Coefficients for Lead-Bismuth Eutectic Cooled System

Delayed Neutron Fraction 3.26 E-3
Prompt Neutron Lifetime, s 4.53 E-7
BOC Excess Reactivi V, $ 7.21
Driver Leakage Fraction= 20.3
Coolant Void Worth, $ 3.12
Coolant Density, cents/°C 0.239
Doppler, cents/”C -0.098
Radial Expansion, cents/°C -0.160
Axial Expansion, cents/°C -0.135
CRD Expansion, $/cm -0.04
aRatio of net leakage to fissile production for driver zones at EOC.



Fig. 1. Integration of Elements of the Nuclear- and Hydrogen-based Energy Supply/Carrier System
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Fig. 2. Concept for Simplified, Modular, Small Reactor Featuring Flow-tlmu Fuel Cartridge
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Fig. 3. Seismic Isolation Approach for Nuclear Iskiml also shows RVACS
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Fig. 4. Modularized, Natural Circulation Reactor Concept for the Nuclear Heat Source
with Modular-Invessel He Heat Exchanger
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Fig. 5. Top View of Simplified, Modular, Small Reactor
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Fig. 6. Temperature Requirements for Steps of Sulfur-Iodine Water Cracking process


