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Abstract

Nuclear energy has been proposed as a heat source for producing hydrogen from
water using a sulfur-iodine thermochemical cycle. This document presents an assessment
of the suitability of various reactor types for this application. The basic requirement for the
reactor is the delivery of 900 C heat to a process interface heat exchanger. Ideally, the
reactor heat source should not in itself present any significant design, safety, operational,
or economic issues. This study found that Pressurized and Boiling Water Reactors,
Organic-Cooled Reactors, and Gas-Core Reactors were unsuitable for the intended
application. Although Alkali Metal-Cooled and Liquid-Core Reactors are possible
candidates, they present significant development risks for the required conditions. Heavy
Metal-Cooled Reactors and Molten Salt-Cooled Reactors have the potential to meet
requirements, however, the cost and time required for their development may be
appreciable. Gas-Cooled Reactors (GCRs) have been successfully operated in the required
900 C coolant temperature range, and do not present any obvious design, safety,
operational, or economic issues. Altogether, the GCRs approach appears to be very well
suited as a heat source for the intended application, and no major development work is
identified. This study recommends using the Gas-Cooled Reactor as the baseline reactor
concept for a sulfur-iodine cycle for hydrogen generation.
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Executive Summary

A broad range of reactor categories was reviewed to assess the suitability of various
concepts as a heat source for the sulfur-iodine thermochemical production of hydrogen
from water. The principal requirement is that heat must be supplied at 900 C in order to
dissociate sulfuric acid into SO,, H,O, and O,. The assessment was carried out in four
stages, as follows:

Stage 1: Status of reactor types

For this stage, nine basic types of reactors were identified and their development
status was assessed. The basic reactor types include pressurized water-cooled reactors,
boiling water-cooled reactors, organic-cooled reactors, alkali metal-cooled reactors, heavy
metal-cooled reactors, gas-cooled reactors, molten salt-cooled reactors, liquid-core
reactors, and gas-core reactors. Based on this review, gas-core reactors were eliminated
from consideration because, given the objectives of the program, the development
requirements for this reactor category is unacceptably high.

Stage 2: Coolant property assessment

For stage 2 the properties of reactor coolants were reviewed to determine their
suitability for the proposed application. Pressurized water-cooled reactors were eliminated
from consideration because the required system pressure would be extremely high, and
boiling water-cooled reactors were eliminated due the severe corrosion issues associated
with 900 C steam. Organic-cooled reactors were dropped from consideration because
organic coolants dissociate at temperatures well below 900 C. During this stage, baseline
coolants were selected for each reactor category. For example, lithium was selected as the
baseline coolant for the alkali metal-cooled reactor category.

Stage 3: Attribute assessment

A list of five requirements and five criteria was developed and used to further
assess the suitability of the various reactor types for the sulfur-iodine cycle. The five
requirements included (1) materials compatibility, (2) coolant stability, (3) reasonable
operating pressures, (4) nuclear compatibility, and (5) basic feasibility and development
requirements. The five criteria were (1) safety, (2) operational issues, (3) capital costs, (4)
intermediate loop compatibility, and (5) other merits and issues. Guidelines were then
established for rating each reactor category for each requirement and criterion with a score
of 0 through 4 (with 4 indicating best achievable and 0 indicating unacceptable). Based on
this assessment, liquid-core and alkali metal-cooled reactors were identified as
possibilities, but were judged to present significant technology development risks. The



issues for the liquid-core approach focus on the radiological challenges presented by a
circulating fuel in the primary loop. For alkali metals, the general corrosiveness of the
coolant and the potential impact on development cost were the principal issues. Gas-
cooled, heavy metal-cooled, and molten salt-cooled reactors were identified as promising
candidates.

Stage 4: Development COST requirements

A comparison of the relative development cost requirements was made for the top
three candidate approaches from stage 3. Based on this assessment, helium gas-cooled
reactors appear to require the least development work and present the lowest development
risk. The underlying reasons for their suitability for the high temperature sulfur-iodine
cycle are: (1) helium is chemically inert, and (2) gas cooled reactors have been
successfully operated for a number of years in the required temperature range. Based on
this assessment helium gas-cooled reactors are recommended as the baseline choice as a
reactor heat source for a sulfur-iodine thermochemical cycle for hydrogen production.



An Assessment of Reactor Types for
Thermochemical Hydrogen Production

1.0 Introduction

The Department of Energy has awarded a Nuclear Energy Research Initiative
(NERI) Grant to General Atomics, the University of Kentucky, and Sandia National
Laboratories to explore the possibility of using a reactor heat source combined with a
thermochemical cycle for the production of hydrogen from water [1]. The sulfur-iodine
thermochemical cycle was selected during the first phase of this project as the baseline
approach. For this cycle, a heat supply temperature of 850 C permits optimum operation;
however, temperatures as low as 750 C may be acceptable [2], and by operating at higher
pressures, higher temperatures may be utilized. The cycle reactions and operating
temperatures are:

(1) H,SO4 — SO, + H,O + 1/20, 850 C
(2) 2HI—>L+H,. 300 C
(3) 2H20 + 802 + Iz — 2HI + HQSO4 100 C

The cyclical relationship of the chemical reactants is illustrated in Fig. 1, and a
schematic illustration of a reactor based hydrogen production system is illustrated in Fig. 2.
Reaction 1 is highly endothermic, requiring most of the heat input to the process. Reaction
2 is slightly endothermic and Reaction 3 is very exothermic.

For the second phase of this project, one of the tasks is to define the thermal
characteristics of the advanced nuclear reactor heat source. This definition includes a
specification of the reactor coolant/heat transfer medium. Several types of nuclear reactors
are capable of producing process heat in the temperature range of interest. Sandia was
tasked with analyzing the characteristics of the various types of reactors and
recommending reactor concepts best suited as a heat source for a sulfur-iodine cycle. This
report provides the findings of the Sandia study.

1.1 Objective

The objectives of this study are to identify the most promising reactor concepts for
use as the heat source in a sulfur-iodine thermochemical system for producing hydrogen
from water, and to select one reactor concept as the baseline design for Phase 3 of this
project.
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Figure 1 Sulfur-iodine thermochemical cycle for hydrogen production
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1.2  Approach

The focus for this project is the integration of a reactor system with a chemical
plant for the production of hydrogen from water. This challenging goal is in itself an
innovative application of nuclear power. Ideally, the recommended reactor technology
would require minimal technology development to meet the high temperature requirement.
Furthermore, the reactor system should not present any significant design, safety,
operational, or economic issues. In other words, the focus of this DOE project should be on
the integration and development of a reactor-based hydrogen production plant, rather on a
major development of the reactor itself.

The reactor heat source can be conceptually decoupled from the hydrogen
production plant, with a heat exchanger providing the interface between the two systems.
At present, the plan is to use an intermediate helium loop between the reactor coolant loop
and the hydrogen production system. The intermediate helium loop assures that any
leakage from the reactor coolant loop will not contaminate the hydrogen production system
or expose plant personnel to radiation from the primary loop coolant. The intermediate
helium loop also assures that corrosive process chemicals cannot enter the core of the
nuclear reactor. Thus, the heat exchanger interface, to a large extent, sets the boundary
conditions for selection of the reactor system. The principal requirement set by the
interface is the temperature requirement for the decomposition of H;SO4. General Atomics
estimates a 50 C drop from the core outlet to the point of application [2]; thus, in order to
deliver 850 C to the hydrogen production system, the required core outlet temperature is
900 C.

The project objectives and reactor operational requirements suggest a logical
approach for reviewing and assessing potentially applicable reactor system options. Given
the basic requirements of coolant temperature, and the potential effect of leakage into the
coolant loop, the reactor coolant becomes a primary consideration for determining which
concepts are most appropriate. Furthermore, the basic reactor types are generally classified
by the coolant type. Given these considerations, reactor categories can be delineated by
nine basic coolant types identified in Table 1. In order to aid the discussion, a number of
sub-categories are also defined in Table 1. The reactor/coolant types include pressurized
water-cooled reactors, boiling water-cooled reactors, alkali liquid metal-cooled reactors,
heavy liquid metal-cooled reactors, gas-cooled reactors, organic-cooled reactors, molten
salt-cooled reactors, liquid-core reactors, and gas-core reactors.

Four assessment stages are used in this study:

STAGE 1: The basic reactor types are reviewed to provide perspective on the
development level of candidate reactor systems. Speculative concepts with extreme
developmental requirements may be eliminated at this stage. Coolant limitations
and concept attributes are not assessed at this stage

13



STAGE 2: For the second stage, coolant properties are examined to identify
merits, issues, and limitations. Fundamental limitations of coolant choices may
result in the elimination of some reactor types. At this stage, specific coolant
options for each reactor type are examined to select a baseline coolant option; e.g.,
Li may be selected from the options of Na, Li, NaK, and K for alkali metal-cooled
reactors.

STAGE 3: For the third stage, the reactor types are subjectively assessed based on
the five requirements and five important criteria given in Table 2. A subjective
grade is given for each reactor type (0 through 4) for each assessment criterion.

STAGE 4: For the final stage, the relative development costs are reviewed for the
top remaining candidates. A subjective score for development costs (0 through 4)
are awarded to each reactor type for five development categories. Based on this
analysis a baseline concept is recommended as a heat source for the sulfur-iodine
cycle.

From the preceding discussion of the assessment approach, it should be clear that
conclusions from this study are based on subjective assessments and the study is limited in
both scope and detail. Nonetheless, for the purpose of selecting a baseline approach for
system analysis of a sulfur-iodine hydrogen production facility, the conclusions from this
study should provide adequate guidance.

14



Table 1 Reactor Types Considered in the Assessment

. Pressurized Water Reactors

e Pressurized Water Reactors (light and heavy water)
e Supercritical-Phase Pressurized Water Reactors

. Boiling Water Reactors

e Boiling Water Reactors (light and heavy water)
e Boiling Water Reactors with Superheat

. Organic-Cooled Reactors
e Diphenyl
e Other organic coolants
. Alkali Liquid Metal-Cooled reactors

e Lithium-cooled
e Other (Na, K, NaK)

. Heavy Liquid Metal-Cooled Reactors

e J.ead-bismuth
e Other (Pb, Bi, Sn, Hg)

. Gas-Cooled Reactors

e Noble gasses (He, Ar)

e Other gasses (CO,, Hy, N,, Air, Ar, Steam)
. Molten Salt-Cooled Reactors

e 2LiF-BeF,

e Other salts

. Liquid-Core Reactors

e Molten Salt-Core

e Liquid Metal-Core

e Aqueous-Core

. Gas-Core Reactors

o UFs¢

e Other gas/fuel (UF,4, U-plasma)
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Table 2 Attribute Requirements and Criteria

(a) Basic Requirements

1. Chemical compatibility
e Compatibility of coolant with primary loop materials and fuel.
2. Coolant Stability
e Molecular stability of coolant at operating temperatures and in a
radiation environment.
3. Pressure requirements
e Pressure limitations for primary loop.
4. Nuclear requirements
e [ssues associated with nuclear aspects of the reactor type.
5. Feasibility
e Basic feasibility, development requirements, and development risk.

(b) Important Criteria
1. Safety

2. Operational Issues
3. Capital Costs
4. Intermediate Loop Compatibility

5. Other merits and Issues

16



2.0 Stage 1: Status of Reactor Types

Before embarking on an in-depth study of a specific reactor concept for hydrogen
production, an assessment of all possible reactor candidates should be carried out to
determine the best choices. This study explores a broad range of reactor concepts and
options, from the highly conventional to the highly speculative. The basic reactor types and
the principal concepts in each category are briefly reviewed in this section. The principal
reactor categories include pressurized water reactors, boiling water reactors, alkali liquid
metal-cooled reactors, heavy liquid metal-cooled reactors, gas-cooled reactors, organic-
cooled reactors, molten salt-cooled reactors, liquid-core reactors, and gas-core reactors.

2.1 Pressurized Water-Cooled Reactors

Pressurized water reactors (PWRs) are used extensively for commercial production
of electricity. A typical PWR reactor system design is illustrated in Fig. 3. The basic
design of a PWR core consists of bundles of approximately one cm in diameter, 3.6 m long
zircaloy clad fuel rods. Each fuel rod contains stacks of UO,; fuel pellets. The
moderator/coolant/heat transfer medium is water. Water in the primary cooling loop is
pressurized to about 15.5 MPa (2,250 psi) and remains in the liquid phase. A heat
exchanger is used to transfer heat to a low-pressure secondary loop. The working fluid in
the secondary loop is also water. Steam is formed in the secondary loop and used in a
Rankine cycle to drive a turbine-generator. The core outlet coolant temperature is about
325 C. The nominal fuel centerline temperature and cladding temperature are 2280 C and
347 C, respectively. A typical large PWR produces 3,400 MWy, to provide 1,100 MW, at
32% efficiency. The total coolant flow rate is about 1.7 x 10* kg/sec (19 tons/sec) [3].

17



STEEL
SHELL

CONCRETE SHIELD
BUILDING

FOLAR CRANE

o
TOP DECK PANEL 14
X
)
o] =
P CRAME WALL K
0 " 2 1
» &,
3 - T E
- R @
- A GENERATO! L
o =
g 1 CONTROL ROD 9
o DRIVE MISSILE [
+ }Q SHIELD =
o [\| REACTOR COOLANT N 4,
4 A PUMP 1§
1 LLLH ‘
|
1 HH HH
B = )
9 INLET B :
[—
- ﬂ_ﬂ e REACTOR d
q B L
4 F
9 |
! ° g
o k i
24 4 Jo q
o
5 b
) 9 Y
Py
¥ ¢ (y
' b )
HJ PL
Pag gt v mal a .
. FOe LS A= : s
Sr et e Qe (]
g e O Qe peae s Q2
.
[‘ N~ Liner VENTILATION
ACCUMULATOR s
EQUIPMENT
o

ELEVATION 50“0 LS =T Y=Y

v o0 e
Q’Q}‘“ =n<?p.Q°\Q°O

Figure 3 PWR containment building and system components

18



A number of variations on the basic pressurized water reactor design are available.
The Canadian CANDU pressurized water reactors use heavy water, rather than light water,
as the moderator. Heavy water (D,0) absorbs fewer neutrons, thus permitting the use of
natural uranium rather than enriched uranium. Advanced PWR concepts, including both
evolutionary and revolutionary designs, are under development. These advanced designs
are primarily focused on providing passive safety features [4]. Although PWRs are fully
mature and they are among the most prolific reactor types, none of the PWRs described in
the preceding discussion can achieve the temperature required for the sulfur-iodine cycle
using liquid water. In order to provide thermal energy at 900 C with a pressurized water-
cooled reactor, the water coolant must be in the supercritical state. The supercritical state
of water refers to water above 374C; above this temperature water cannot exist in the
liquid state (supercritical water is unrelated to neutronic supercriticality). So-called
supercritical pressurized water-cooled reactors (high temperature water-cooled reactors in
the supercritical phase) have been proposed [5].

2.2  Boiling Water-Cooled Reactors

In the United States, about one-third of operating water-cooled power reactors are
boiling water reactors (BWRs). Fuel rods in BWRs are similar to PWR fuel rods. The
coolant in a BWR, however, is maintained at lower pressure (7.2 MPa) and steam is
formed in the primary loop. For the BWR, water in the primary loop serves as the
moderator, coolant, and working fluid. This design eliminates the need for a secondary
loop. The coolant temperature is 290 C, and the maximum fuel centerline temperature and
average cladding temperatures are 1830 C and 300 C, respectively. A typical large BWR
produces 3,579 MWth to provide 1,220 MWe at 34% efficiency. Current U.S. reactors
provide steam at saturation conditions; consequently, current design BWRs are incapable
of providing steam at the required temperature. If the reactor is used to superheat the
steam, however, it may be possible to provide thermal energy at 900 C. BWRs employing
nuclear superheat have been operated in the 1950s and 1960s, with reactor outlet steam
temperatures up to 500 C. Nuclear Superheated BWRs present a number of problems, such
as severe corrosion of fuel elements exposed to superheated steam and shutdown cooling
of fuel zones used for superheating [3, 6, 7]. The British have developed boiling heavy
water-cooled reactor designs [7].

2.3 Organic-Cooled Reactors

Organic liquid coolants, such as diphenyl, have been developed as an alternative to
water coolants for power reactors. The principle advantages of organic coolants are the
relatively low vapor pressure and low corrosion characteristics. The low vapor pressure
leads to low pressure system designs, compared to water-cooled reactors, resulting in a
potentially significant capital cost reduction. An experimental organic-cooled reactor was
designed, built, and operated at Oak Ridge National Laboratories in the 1950s. A small
U.S. organic-cooled reactor commercial power plant and a Soviet transportable organic-
cooled reactor were built and operated in the 1960s. Coolant dissociation in radiation and
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high temperature environments resulted in virtual abandonment of the organic-cooled
reactor option [6, 7].

2.4 Alkali Metal-Cooled Reactors

Alkali liquid metal-cooled Reactor development has focused on sodium-cooled
breeder reactor systems. The French have built and operated a large-scale sodium-cooled
breeder reactor. In the United States several breeder-prototype liquid metal-cooled reactors
were developed. The United States also began construction (subsequently terminated) on a
975 MWy, Clinch River Breeder Reactor (CRBR). The CRBR basic design is presented in
Fig. 4. Typical reactor outlet temperatures are about 530 C, and the coolant is maintained
at a very low operating pressure. For the CRBR system, the flow rate of the sodium
coolant was designed to be approximately 2.3 x 10° kg/sec (2.5 tons per sec). For liquid
metal-cooled power reactors, heat from the primary liquid metal cooling loop is transferred
to a water loop using a heat exchanger. Steam is generated in the secondary loop for use in
Rankine cycle to produce electrical power [3]. Fast breeder reactor core designs usually
consist of uranium and plutonium oxide pellets contained in steel-clad fuel pins. An
advanced liquid metal cooled reactor concept has been proposed that uses a ternary
metallic fuel consisting of uranium, plutonium, and zirconium [8]. Other fuel types have
been studied and used in alkali liquid metal-cooled reactor designs. Most liquid metal-
cooled reactors are fast reactors; however, some designs have been developed that utilize
graphite or other materials to moderate (slow down) neutrons.

Although sodium is usually selected as the coolant for liquid metal-cooled breeder
reactor system designs, space reactor systems have been developed in the United States
and the former Soviet Union that utilize other liquid metal coolants. In the United States,
sodium-potassium (NaK) eutectic, potassium, and lithium coolant technology have been
developed for space reactors. For the proposed lithium-cooled SP-100 reactor, the fuel was
uranium nitride and the design temperature of the coolant outlet was 1,120 C [8].

2.5 Heavy Metal-Cooled Reactors

Heavy liquid metals considered for both terrestrial and space reactors include
mercury, bismuth, lead, tin, and lead-bismuth eutectics [7, 9, 10]. The United States
developed and tested a small reactor with a mercury Rankine cycle in a secondary-side
loop. Lead-bismuth reactors were developed and used in the Russian nuclear-powered
submarine program [10]. Heavy metal-coolants are not fire or chemical explosive hazards,
and exhibit very low vapor pressures. Furthermore, heavy metal cooled reactors have
negative void coefficients of reactivity. For one proposed PbBi power reactor system, the
coolant outlet temperature and pressure are 439 C and 0.5 MPa, respectively. For this
design, the fuel is UO,, and the core diameter and length are 1.65 m and 0.9 m,
respectively [11]. A variety of other fuels have been proposed for heavy metal-cooled
reactors; e.g., UZr, UPuZr, and UPuN.
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2.6 Gas-Cooled Reactors

Potential gas coolants for reactors include hydrogen, helium, nitrogen, CO,, argon,
air, and steam. A number of large gas-cooled reactors (GCRs) have been developed and
operated worldwide. Gas-cooled reactor designs are usually moderated, and graphite is
commonly selected as the moderator. However, gas-cooled reactors have been studied and
developed that employ other moderators or no moderator. A broad variety of fuel element
geometries and fuel types have been used in gas-cooled reactors [6].

The first gas-cooled reactors developed in the United Kingdom were air-cooled
reactors. By the late 1950s, gas-cooled reactor development in the United Kingdom and
France was based on a CO; coolant. Oxidation and dissociation issues, however, have
limited CO; coolant temperatures to less than 600 C. Fuel element designs for these
reactors included uranium metal and uranium dioxide clad in magnesium alloy and other
metals. The CO,-cooled reactor approach proved successful, but these systems did not
produce electricity as cheaply as PWRs. In 1979, Great Britain abandoned CO;-cooled
reactors in favor of the more economical PWR approach [6, 7]. In the United States,
nitrogen-cooled reactors were once studied for remote power sources, and hydrogen-
cooled reactors were developed for space applications. However, nitrogen and hydrogen-
cooled reactors were never developed for commercial power applications. The use of
steam as a coolant/working fluid has been limited to nuclear superheat in BWR reactors.

Developers in the United States, Germany, and Japan eventually selected helium as
an attractive coolant for gas-cooled reactors. Helium is chemically inert, exhibits good heat
transfer properties (among gasses), and has a very small neutron capture cross section. In
the 1960s, a small high temperature, graphite moderated, helium-cooled reactor plant
(Peach Bottom) was built and operated in the United States, and in the 1970s the Fort St.
Vrain (FSV) commercial High Temperature Gas Cooled Reactor (HTGR) went into
operation. The Fort St. Vrain system was a mid-sized power plant with the basic design
features of current-design HTGRs. The FSV core consists of stacks of hexagonal graphite
blocks. Each graphite block is 78.7 cm high and 35.6 cm across flats. Fuel rods are
contained within the graphite blocks and helium flows through internal coolant channels in
the blocks. The fuel rods consist of coated uranium carbide microspheres embedded in a
graphitic binder. Maximum fuel temperatures were < 1260 C, and the coolant outlet
temperature was 785 C. The primary system for an HTGR design is shown in Fig. 5. For a
2,900 MWth HTGR design, the coolant pressure and flow rate are about 4.8 MPa (700 psi)
and 1.3 x 10° kg/sec (1.4 tons per sec), respectively [6, 7]. The recently completed
Japanese 30 MWth test reactor, which uses HTGR technology, is designed to achieve an
outlet temperature of about 900 C [1].

In the late 1960s, the Germans developed and operated the AVR helium-cooled
Pebble Bed Reactor with coolant operating conditions similar to an HTGR, but with a
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radically different core configuration. Rather than hexagonal fuel elements, the AVR used
6-cm diameter graphite balls containing coated uranium carbide microparticles embedded
in the graphite matrix of the ball. The AVR pebble bed reactor core, illustrated in Fig. 6,
consists of several hundred thousand fuel balls and over one hundred thousand pure
graphite moderator balls. The fuel and moderator balls are continuously recirculated
through the core. “Spent” fuel balls are removed from the circulating loop and fresh fuel
balls are added as needed to maintain criticality. The outlet coolant temperatures ranged
between 850 and 950 C. The Germans also built a 746 MWy, prototype power plant pebble
bed reactor system; the plant was operated from 1983 to 1988 [6, 7]. The maximum
permitted fuel temperature for current generation PBRs (as for HTGRs) is 1260 C [2]. A
pebble bed reactor is now under development in South Africa [12].

Currently, the United States has no operating Gas-Cooled Reactors but interest is
growing worldwide. The U.S. GCR technology is being updated for use in burning
plutonium in Russia. One utility has announced that they will build the Pebble Bed version
of GCR in the United States. Development on GCR’s is being carried out in the United
States, Russia, Japan, China, Germany, and South Africa.

2.7 Molten Salt-Cooled Reactors

Molten Salt-Cooled Reactors have been recently proposed that combine features of
the HTGR and Molten Salt Core Reactor concepts [13]. For this concept, the coolant is a
molten salt, such as 2Li-BeF; and the core resembles the core of a prismatic HTGR. This
approach can permit high temperature operation at low pressure, with the possibility of low
corrosion. Molten salt-cooled reactors avoid most of the issues associated with the flowing
fuel of the molten salt-core reactors (discussed subsequently). Molten salts exhibit very
low vapor pressures and are stable in radiation and high temperature environments.
Although the molten salt-cooled approach appears to be entirely feasible, it must be
emphasized that this approach is only in the early conceptual stage.

2.8 Liquid-Core Reactors

One novel approach to reactor design uses reactor fuel in the liquid phase. The
liquid fuel is pumped through the reactor system. Fuel entering the core region supports
criticality and the liquid fuel is heated by nuclear fission of its fissile constituents. The hot
liquid fuel then exits the core and passes through a heat exchanger, where heat is extracted
for use in a power cycle. Liquid-core reactors offer a number of potential advantages. For
example, because the fuel is also the fluid heat transfer medium, no thermodynamic losses
result from temperature differences between the fuel and coolant. As a consequence, very
high efficiencies are possible with liquid-core reactor systems. Furthermore, liquid-core
reactors eliminate fuel fabrication costs and eliminate fuel damage concerns. Fluid cores
also permit on-line refueling and removal of fission products. The low fission product
inventory and low excess reactivity, made possible by on-line fuel processing and fuel re-
supply, result in potential safety advantages.
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Aqueous, liquid metal, and molten salt liquid-core reactors have been studied.
Aqueous-core reactors include fuel solutions and slurries. Several uranium salts, such as
uranyl sulfate (UO,SQO4) have been studied for solution-type aqueous-core reactors. For
slurry-type aqueous-core reactors, uranium compounds (e.g., UO2) are suspended in water.
Aqueous-core reactor experiments were conducted in the United States in the 1950s [7].

Liquid metal-core reactors were extensively studied in the 1950s and early 1960s at
Brookhaven and Los Alamos National Laboratories. As for aqueous fuel reactors, liquid-
metal-fuel reactors include both fuel solutions and slurries. For this approach, uranium or
plutonium is maintained in solution in a liquid metal, such as bismuth or lead, or in
suspension in a liquid metal, such as sodium. Both moderated and unmoderated systems
have been studied. Liquid metal core reactors are not limited by the high vapor pressure
difficulties found in aqueous-fuel approaches. Fluid operating temperatures of > 500 C
were planned for some designs [7].

Molten salt-core reactors have been more extensively developed than other liquid
core concepts. For this approach, the reactor fluid consists of uranium tetrafluoride
dissolved in a carrier salt, such as lithium fluoride and beryllium fluoride. Both moderated
and unmoderated reactor systems have been designed. A test reactor was operated in the
United States in the 1960s [6, 7], and commercial scale designs have been developed in the
United States, Russia, and Japan. Molten salts are stable to both radiation and high
temperature, and exhibit low vapor pressures. The fuel-fluid operating temperature for one
molten salt reactor concept is 700 C [3]. The system pressure for this design is about 0.5
MPa. As for other liquid core designs, the use of a radioactive fluid in the primary loop
presents a number of design and operational difficulties. The entire loop is a source of
intense radiation fields, requiring shielding-exclusion areas, remote maintenance,
containment, and decay-heat removal capability [6, 7, 14].

2.9 Gas-Core Reactors

Gas-core reactors are unquestionably the least developed of all the reactor types
studied in this assessment. The fuel for this concept is typically a uranium compound in
gaseous form, such as UF¢, UF4, or uranium plasma. Similar to the liquid-core approach,
the gaseous fuel is circulated through the reactor system. Fuel entering the core region
supports criticality and the gaseous fuel is heated by nuclear fission. The principal
advantage of this approach is that very high temperatures are possible. For gaseous fuel
compounds, a typical design would provide gas outlet temperatures of several thousand C.
Plasma core reactors are projected to produce gas exit temperatures in excess of 10,000 C.
The very high temperature of the gaseous fuel presents serious materials and design
challenges. One design approach for protection of core boundary materials includes
cooling the pressure vessel and surrounding reflector by a flowing low temperature gas.
Most of the work on gas core reactors has focused on nuclear rockets, where very high
temperatures are an important advantage. Many operational and design issues must be
resolved for gas-core reactors. Although some low power testing of gas core reactors was
successfully carried out in the 1970s [15], the gas core approach is basically unproven
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technology. The required development work and the development risk for gas core reactors
are too significant to merit further consideration for this study.

3.0 Stage 2: Coolant Properties

Reactor coolants and heat transport fluids should have low melting points, good
heat transport properties, and low potential for chemical attack on vessels and piping.
Reasonable operating pressures and compositional stability at operating temperature are
also important characteristics. Other desirable properties include low toxicity and low fire
and explosion hazard. Reactor coolants must also possess desirable nuclear properties,
such as radiation stability and low neutron activation. For thermal reactors, low parasitic
capture cross sections are required. If the coolant is to serve as a moderator, low atomic
weight constituents are desirable. Property values and characteristics for potential reactor
coolants are presented in Tables 3 and 4, and discussed in the following [7- 35]:

3.1 Pressurized Water

The low atomic weight constituents of water (hydrogen) and heavy water
(deuterium) make these coolants desirable as moderators. Water has good heat transport
properties and a low melting point, but its very low boiling point implies high vapor
pressures at high temperatures. At only 327 C (600 K) the vapor pressure is 135 atm,
requiring massive high-pressure coolant pipes and vessels. The critical point for water
occurs at 374 C and a pressure of 22.1 MPa (218 atm) [14]. At the 900 C temperature
required for the sulfur-iodine cycle, the coolant would be required to operate in a
supercritical state. So-called supercritical water-cooled reactors have been proposed [5];
however, at only 500 C, operating pressures are 25 MPa. For the required cycle operating
temperatures, pressures become extreme, and structural requirements are enormous.
Furthermore, the potential energy stored in water at these temperatures and pressures is
very large; safety issues associated with large breaks at these extreme pressures present
additional concerns. Supercritical water is also highly corrosive and heat transfer capability
is degraded relative to water in the purely liquid phase. Thus, at the required temperature
for the sulfur-iodine cycle, pressurized water-cooled reactors are not feasible.

3.2 Boiling Water

Steam produced at saturation conditions in a BWR cannot provide heat at the high
temperature required for the sulfur-iodine cycle. Water-cooled reactors producing
superheated steam could, in principle, achieve the required 900 C operating temperature.
Although boiling water reactors producing superheated steam at 537 C have been
developed, nuclear superheated steam options are no longer actively pursued. High
temperature oxidation in a superheated steam environment was one of the main reasons for
abandoning this approach. At 900 C, the temperature required for the sulfur-iodine cycle,
steam is highly corrosive; consequently, the boiling water-cooled reactor approach is not a
feasible option.
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Table 3 Reactor Coolant Basic Properties

Molecular | Density* Owm™* Neutron Radiolytic Hazards
Coolant Weight (g/ce) parasitic (b) | activation | Decomposition | Toxic Fire Explosion
Water
H,0 18 1 0.66 NO No No
D,0 20 1.1 0.001 Some Some
Organic
| Diphenyl | 154 0.86 033 low Yes | No | No | No |
Alkali Metal
(natural) Li 7 0.53 71
Na 23 0.82 0.525
NaK - 0.74 ~0.5 High Stable Yes Yes Yes
K 39 0.70 2.07
Heavy Metal
Sn 118 6.5 0.625 No
Hg 200 13.6 380 High
Pb 207 11.4 0.17 High Stable Yes NO No
Bi 209 9.75 0.034 No
PbBi - ~10 ~0.1 Yes
Gases
H, 2 0.00009 0.332 Low Stable No High High
He 4 0.00018 0.007 No Stable
N, 14 0.0013 1.88 No Stable
Ar 40 0.0018 0.66 Yes Stable No No No
CO, 44 0.0015 0.0038 Some
Air - 0.0013 ~1.3 Yes
Steam 18 0.00056 0.66 Some Some
Molten Salt
2LiF-BeF, ~2 - Yes Stable | Yes | No | No |
Liquid Core
Aqueous - ~1 - Fission Some Yes No No
Liquid Metal - ~10 - products Stable Yes Yes Yes
Molten Salt - ~2.5 - Very high Stable Yes No No

* (@ ambient temperature

Lo 24 2
** neutron capture cross section in barns (b = 10" cm")
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Table 4 Reactor Coolant Thermal and Chemical Properties

Vapor Heat Thermal
Melting Boiling Pressure | transport stability Chemical attack
Coolant Point (C) Point (C) (MPa)* | properties Limit (K) @ 900 C
Water
H,0 0 100 13.7 Very Stable Yes
D,0O 0 101 13.7 good Stable
Organic
Diphenyl | 69 255 02 | Good | 750 Yes
Alkali Metal
Li 181 1331 <10” Yes
Na 98 881 5x10° (Nb alloys may be
NaK -11 784 ~10* Excellent Stable suitable)
K 64 761 10"
Heavy Metal
Sn 232 2270 <107 Some
Hg -38.5 358 0.07 (Coolant additives
Pb 327 1740 <107 Excellent Stable may be suitable)
Bi 271 1570 <107
PbBi 125 1670 <10
Gas
H, - - - Stable Yes
He - - - Stable No
N, - - - Stable Yes
Ar - - - Poor Stable No
CO, - - - <850 Yes
Air - - - <850 Yes
Steam 0 100 - - High
Molten Salt
2LiF-BeF, 457 1397 <107 Excellent Stable Yes
Liquid Core
Aqueous - - ~10 Some fuel Yes
Excellent precipitation
Liquid metal ~300 ~1500 Low Some fuel Yes
precipitation
Molten Salt 497 <10” Stable? Yes

* (@ saturation, 325 C
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3.3 Organic Coolants

Organic coolants also contain hydrogen atoms and are good moderators. The
vapor pressure for organic coolants, at comparable temperatures, is much lower than for
water coolants. Although many organic coolants rapidly decompose in radiation
environments, the decomposition of some organic coolants may be manageable [7].
Organic coolant heat transport properties are not as good as water, but the major
limitation of organic coolants for high temperature applications is its thermal stability.
Thermal decomposition limits organic coolant temperatures to a maximum of about 400
C [14, 16]; thus, organic-cooled reactors are not recommended for use as a heat source
for the sodium-iodine thermochemical cycle.

3.4 Alkali-Metal Coolants

Most of the liquid metal-cooled reactor development in the United States has
focused on alkali metal coolants such as sodium. Other possible alkali metal coolants
include lithium, potassium, and NaK eutectic. Alkali metals are generally corrosive at
high temperature, exhibit high neutron activation, are typically toxic, and present fire and
explosion hazards. Some alkali metal-cooled reactor designs can exhibit positive void
coefficients. In addition to sodium-cooled reactors, the United States developed a number
of NaK-cooled reactors, mostly for space applications. Although NaK is liquid at ambient
temperatures, the heat transport properties of NaK are not as good as Na. NaK is toxic,
flammable, and can be highly explosive. All liquid metal cooled breeder reactor programs
selected sodium rather than NaK; apparently NaK’s ability to remain fluid at ambient
temperatures was less important than economic and other benefits of sodium.

The United States carried out significant development work on a potassium-
cooled reactor for space applications [15]. Like NaK, potassium is toxic, flammable, and
can be highly explosive. For commercial terrestrial power applications, potassium-cooled
reactors do not possess any significant advantages over sodium [7]. At the high
temperatures of interest to this study, the vapor pressure of most alkali metals is fairly
high; lithium, however, is an exception. The low vapor pressure and excellent heat
transport properties of lithium are significant advantages. Lithium activation produces
helium and radioactive tritium gases. The coolant activity and the quantity of gas
produced by activation can be reduced by using depleted lithium. Lithium presents fire
and severe chemical explosion hazards, and is solid at ambient temperatures. Life testing
of Nb alloys with lithium coolants have been successful at temperatures above the desired
cycle operating range; however, a long-term operational database has not been
developed. Furthermore, the development cost and capital costs for candidate materials
has not been determined. For this study, lithium is selected as the baseline coolant
because it exhibits a low vapor pressure relative to other alkali metals.
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3.5 Heavy-Metal Coolants

Possible heavy metal coolant options include tin, mercury, lead, bismuth, and
lead-bismuth eutectic. Although tin appears to have a number of desirable features, no
significant development work has been carried out for this option. In the United States,
mercury was once considered as a working fluid for space reactors. Mercury has a
relatively high vapor pressure, but its most significant drawback is its toxicity and a large
thermal capture cross section. In the current ES&H environment, the health risk
associated with mercury is too great to merit serious consideration of mercury as a
coolant option.

Lead possess excellent heat transfer characteristics and does not present a fire or
significant chemical explosion hazard. Lead also exhibits an extremely small vapor
pressure, typically possesses a negative void coefficient, and may offer other safety
advantages [17]. The Russians have developed and operated PbBi-cooled reactors for
naval applications. Lead-bismuth coolants possess the advantage, relative to lead, of a
200 C lower melt temperature. A major disadvantage of PbBi coolants is the activation
product *'°Po resulting from an #, y reaction with **’Bi and subsequent beta-decay to
21%po. Polonium-210 is very toxic and difficult to contain [7]. Nonetheless, the former
Soviet Union developed and used PbBi-cooled reactors, and the PbBi-cooled approach
has been proposed by several laboratories as an advanced power production reactor [17-
20]. Bismuth possesses a higher melt temperature than the PbBi eutectic and offers no
significant advantages over PbBi-cooled reactors. Compared to the alkali metals, heavy
metals may be more compatible with other core materials at very high temperatures. The
issue has been raised of a loss of alloying agents in structural materials for high
temperature flowing Pb or PbBi environments. Supplying appropriate additives to the
cooling stream may eliminate this concern. For this study, PbBi was selected as the
baseline heavy metal coolant because of its lower melt temperature, and because the
Russians have accumulated significant experience with PbBi reactor technology.

3.6 Gas Coolants

Increasing the flow surface area, as well as operating at high temperatures, high
pressures, and high flow rates can compensate for the generally poor heat transport
characteristics of gas coolants. Gas coolant operating pressures, however, are far below
that for water at required cycle temperatures, and for most gas coolants, no phase change
occurs for any postulated accident sequence. Most importantly, noble gases are
chemically inert. Gases are too diffuse to serve as effective moderators; consequently,
thermal gas-cooled reactors require a separate moderator.

Reactive Gases

Although considerable CO;-cooled nuclear power plant experience was accrued
in the 1960s and 1970s in the UK, the economics of these systems proved unfavorable.
More importantly to this study, the corrosiveness and thermal dissociation of CO, at
> 600 C makes this coolant option unacceptable for the proposed cycle. Limited
development work has been carried out for nitrogen reactors, and chemical
incompatibility of materials with high temperatures nitrogen gas is an issue. In the
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pioneering days of nuclear power, once-through air-cooled reactors were developed and
operated (i.e., the air coolant passing through the reactor was released directly into the
atmosphere). Air-cooled reactors suffer the same limitations as CO,-cooled reactors and
once-through cooling is no longer a viable approach.

Although water-cooled reactors with superheated steam have been developed,
nuclear superheated steam options are no longer actively pursued. The high temperature
oxidation of superheated steam was one of the main reasons for abandoning this
approach. Furthermore, the heat transfer properties of steam are not as good as helium,
and steam activation and dissociation are significant. Hydrogen-cooled reactors have
been developed in the United States and Russia for nuclear rockets. Although hydrogen
possesses the best heat transfer characteristics among gas coolants, the very high fire and
explosion hazard of hydrogen rules out its use for terrestrial applications.

Noble Gasses

Little development has been carried out for argon-cooled reactors. Argon is
chemically inert, but heat transfer characteristics for argon are not as good as helium and
neutron activation and parasitic capture are disadvantages. Significant experience has
been accumulated with helium-cooled reactors. Among gasses, helium exhibits good heat
transport properties. Helium is neither a fire or explosion hazard, is non-toxic, is stable in
radiation and high temperature environments, has a very small parasitic capture cross
section, and neutron activation is extremely small. The most significant and pertinent
advantage of helium is its chemical inertness. For these reasons, helium is selected as the
baseline coolant for gas-cooled reactors.

3.7 Molten Salt Coolants

Molten salt-cooled reactors were recently proposed [ 13] that combine features of
the HTGR and molten salt-core reactor concepts (here we assume that the "G" in HTGR
refers to graphite, rather than gas). For this concept a molten salt coolant, such as 2Li-
BeF; is used in place of helium in an HTGR. This approach permits high temperature
operation at low pressure, with the possibility of low corrosion. The excellent heat
transfer capabilities of molten salt should reduce fuel operating temperatures, relative to
HTGR operation using a helium coolant. Molten salt-cooled reactors avoid most of the
issues associated with flowing fuel for molten salt-core reactors (discussed subsequently).
Molten salt coolants also offer the advantages of thermal and radiation stability, no fire or
chemical explosion hazard, and a number of safety advantages. However, molten salts are
solid at room temperatures, requiring a high-temperature auxiliary heating system for
reactor startup. Depleted lithium (99.999% Li) is required because the capture cross
section of natural lithium is high. Another consideration is the generation of trittum and
helium as a result of neutron capture by SLi.
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3.8 Liquid Core Coolants

Heat transfer is excellent for liquid core coolants because the heat source (fuel)
and coolant are embodied in the same fluid. The major disadvantage of liquid core
coolants is that the primary loop contains radioactive fission products. Even with online
fission product removal, the radiation environment of primary loop components is a
major issue [7].

Aqueous Core

The corrosiveness of the uranium salt solutions, the inability to keep uranium
compounds in suspension in slurry-type fuels, and a number of other difficulties resulted
in a termination in the development of aqueous-fuel liquid core reactors [7]. Furthermore,
the vapor pressure for aqueous-core reactors is too high for the required cycle
temperature.

Liquid Metal Core

The vapor pressure for liquid metal core coolants is quite low, and the fluid is
stable in high temperature and high radiation field environments. However, liquid metal
core reactors have never been built. Furthermore, liquid metal core coolants are highly
corrosive and mass transport is an issue for some liquid metal core concepts.

Molten Salt Core

Molten salt fuel/coolants possess a number of advantages; e.g., low vapor
pressures, low corrosion at high temperature, thermal and radiation stability, no fire or
chemical explosion hazard, a number of safety advantages, and the possibility of online
refueling and fuel processing. Furthermore, a molten salt reactor was successfully
operated in the United States in the 1960s. The issues associated with a circulating highly
radioactive fuel and on-line fuel processing, however, are substantial. Although molten
salt reactors generally exhibit low corrosion at high temperature, long term materials
compatibility at the required 900 C cycle temperature has not been demonstrated. If a
moderated molten salt-core is proposed, depleted Li must be used to reduce parasitic
neutron capture by °Li. Nonetheless, molten salt core reactor technology is more
developed and more promising than other liquid core coolants; consequently, molten salt
core-coolants are selected as the baseline liquid core reactor category.

4.0 Stage 3:Attribute Assessments

Using the requirements and criteria presented in Table 2, a subjective grade was
assessed for each of the remaining candidate reactor options. A brief discussion of the
assessment basis is presented here, and a summary of the assessment grades for each
requirement and criteria is provided in Table 5. For each consideration, reactor concepts
were graded using the following rating scheme:
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Grading basis for requirements

4: - Demonstrated to meet requirements

3: - Expected to meet requirements

2: - Promising, but entails a development risk

1: - Possible, but entails a significant development risk

0: - Not feasible (eliminate from consideration)

Grading basis for criteria

4: - Excellent

3: - Good, not optimum

2: - Acceptable

1: - Issues or poorly suited

0: - Unacceptable (eliminate from consideration)
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Table 5 Assessment of Reactor Concepts for Sulfur-Iodine Thermochemical Cycle

Coolant

1. Materials

Heavy
metal

Liquid
core

Alkali
metal

PWR

BWR

Gas
core

compatibility 4 3 3 3 2 - 0 - -
2.Coolant
stability 4 3 4 3 4 - - 0 -
3. Operating
Pressure 4 4 4 4 4 0 - - -
4.Nuclear issues 4 4 4 3 3
5. Feasibility 4 3 2 3 2 0
1. Safety 3 4 3 3 2 i i ) )
2. Operations 3 3 3 2 3 - - -
3. Capital costs 2 3 3 1 1
4. Intermediate loop | 4 3 3 3 3 - - - -
compatibility
5. Other merits and 3 3 3 3 3 ) ) ) )
issues
U“stgf)gr';ted Mean | 35133 | 32 28 | 27 | ~NaA | wa | NA | NA
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4.1 Pressurized Water-Cooled Reactors

e Pressure: 0
The extreme pressure requirements for PWRs eliminate this potential option.

4.2 Boiling Water-Cooled Reactors
e Chemical compatibility: 0
Superheated steam at 900 C is highly corrosive; consequently, BWRs are
eliminated from consideration.

4.3 Organic-Cooled Reactors
e Coolant stability: 0
Thermal and radiation dissociation issues eliminate organic cooled reactors from
consideration.

4.4 Alkali metal-Cooled Reactors

The low vapor pressure of lithium and the Li compatibility test data from the SP-
100 program led to the selection of lithium as a representative coolant for alkali metal
coolants.

Assessment:

e Chemical compatibility: 2
Alkali metals are generally corrosive at high temperatures; nonetheless, limited testing of
liquid metals has been carried out at > 900 C. For example, the SP-100 space reactor
program carried out successful compatibility testing of flowing Li in Nb alloy loops for
several thousand hours at 1,077 C. Test data spanning many years of operation is lacking,
and development and fabrication of corrosion resistant components may be very costly.

e Coolant stability: 4
Liquid metals are stable in high temperature and radiation environments.

e Pressure requirements: 4
The vapor pressure for lithium is very low.

e Nuclear issues: 3
Neutron capture in lithium-6 results in the formation of lithium-7 in an excited state.
Subsequent decay produces tritium and helium.

Li®+n — (Li’)* > *H + *He
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The design of lithium-cooled reactors must accommodate the production of tritium and
helium. The use of depleted lithium can reduce tritium and helium production. Of greater
concern is the potential for positive void coefficients and its effect on safety.

e Feasibility: 2

No reactor experience exists for lithium-cooled reactors (although experience exists for
sodium cooled reactors, operating pressures for sodium are unacceptable). Compatibility
testing of lithium coolants for the SP-100 program is promising; however, operational
data for Li at 900 C was accrued for only a small fraction of the lifetime of a typical
terrestrial reactor. Uranium nitride was selected as the fuel for the SP-100 reactor because
UO,; was found to dissolve in lithium (in the event of a cladding leak). Uranium nitride
fuel, however, required specially designed fuel elements to deal with thermal dissociation
and chemical incompatibility of the Nb alloy with UN fuel (a Re liner was used). The
development requirements for a commercial scale lithium based system needs to be
assessed.

e Safety: 2

Lithium's low vapor pressure should prevent rapid coolant evaporation following a
postulated primary system breach. On the other hand, liquid metal-cooled reactors are
typically fast reactors, raising some concerns relative to reactivity-induced accidents.
These issues are more acute when positive void coefficients (coolant void induced
reactivity increase) are possible. From the standpoint of positive void coefficients,
lithium is probably worse than sodium. Although the United States and other nations
have safely operated alkali metal cooled reactors, positive void coefficients, the potential
for lithium fires and explosions, and tritium production are important safety
considerations.

e Operational issues: 3

Lithium thaw requirements, fire and explosion safety precautions, and tritium
management requirements may present operational issues.

e Capital costs: 1
High capital costs may result if special alloys and complex fuel element deigns are
required (as for the SP-100 design). Low operating pressures may reduce some capital
expenditures.

e Intermediate loop compatibility: 3

Possible reactivity effects of voids introduced by helium leakage from the intermediate
loop must be considered. A liquid metal coolant could be used for the intermediate loop;
however, compatibility with the thermochemical loop may then present issues for some
postulated accidents.
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e Other issues and merits 3

The development of high temperature alkali metal cooled reactors could provide the
technology for highly efficient systems for electrical power. A fast reactor design could
permit deep fuel-burn to render the fuel proliferation resistant.

4.5 Heavy Metal-Cooled Reactors

The lower melt temperature of PbBi, relative to lead, and the extensive Russian
experience with PbBi reactors led to the selection of PbBi as the representative coolant
for heavy metal-cooled reactors.

Assessment:

e Materials compatibility 3

Heavy metals are generally less corrosive than alkali metals. Nonetheless, extensive
materials testing for liquid heavy metals at 900 C is lacking. Furthermore, issues have
been raised concerning the possibility of leaching out alloying agents from structural
materials containing very hot flowing lead or lead-bismuth. Coolant additives may result
in acceptable materials compatibility at 900 C.

e Coolant stability: 4

Liquid metals are stable in high temperature and radiation environments.

e Pressure requirements: 4
The vapor pressure for lead-bismuth is very low.

e Nuclear issues: 4

The major nuclear disadvantage of PbBi coolants is the activation product *'°Po resulting
from an n, y reaction with 2B; (and beta decay). Although polonium-210 is very toxic
and difficult to contain, Russian experience suggests that '’Po can be safely managed.

e Feasibility: 2

The United States has little experience with heavy metal reactor coolants. Cooperation
with Russian developers could be important if heavy metal cooled reactors are pursued.
Reactor experience with heavy metal coolants is limited to temperatures far below 900 C.
Although promising, this absence of materials and appropriate fuel data for these systems
presents appreciable development risk.

e Safety 3

The low vapor pressure of heavy metal coolants provides the safety advantages of
preventing loss of coolant accidents due to rapid coolant evaporation, and precluding
explosive release of a high-pressure coolant. Heavy metal-cooled reactors are typically
proposed as fast reactors. Reactivity induced accidents are generally more of a concern
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for fast reactors than for thermal reactors; however, heavy metal coolants possess an
advantage over alkali metals in that they do not exhibit positive void coefficients.
Furthermore, PbBi does not present fire or chemical explosion hazards. On the other
hand, the activation product *'’Po resulting from an #, y reaction with **’Bi, presents
additional considerations.

e Operational issues: 3

Lead-bismuth thaw requirements may result in added operational complexity.

e Capital costs: 3

Lead-bismuth thaw requirements may result in additional capital expenditures. Low
operating pressures may reduce some capital expenditures.

e Intermediate loop compatibility: 3

Possible reactivity effects of voids introduced by helium leakage from the intermediate
loop must be considered. A liquid metal coolant could be used for the intermediate loop;
however, compatibility with the thermochemical loop may then present issues for some
postulated accidents.

e Other issues and merits: 3

The development of high temperature heavy metal-cooled reactors could provide the
technology for highly efficient systems for electrical power. A fast reactor design could
permit deep fuel-burn to render the fuel proliferation resistant.

4.6 Gas-Cooled Reactors

Although the coolant for PBRs and HTGRs is identical (He), the design characteristics of
these approaches differ significantly. To simplify the grading of the helium-cooled
approach, the HTGR design will be assumed as the representative approach for helium-
cooled reactors.

Assessment:
e Materials compatibility: 4

Helium is an inert gas and, in its pure state, should be ideal for operation at the required
temperature of 900 C. Although materials effects can result from impurities in the
coolant, operational experience with Fort St. Vrain showed no significant materials issues
related to impurities in the coolant. Some graphite transport materials problems were
encountered that were associated with water entering the primary loop from the water
bearings and Pelton wheel of the compressor. For new HTGR designs, these problems
should not arise because the water bearings and Pelton wheels will be replaced by
magnetic bearings and electric motors. Fort St. Vrain operated for 15 years at coolant
temperatures of 750 C. The AVR operated for 21 years, including years of operation at
950 C; consequently, gas-cooled reactors have been successfully operated in the desired
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optimal temperature range. (The Japanese prismatic fuel HTTR will also operate at
coolant temperatures > 900 C).

e Coolant stability: 4
Helium is stable in thermal and radiation environments.

e Pressure requirements: 4
Gas coolant operating pressures are high, but well within the operational envelope for gas
cooled reactors. Although high pressure operation implies the possibility of rapid coolant
loss, the high heat capacity of the graphite fuel elements mitigates the effects of these
types of accidents.

o Nuclear issues: 4

Activation of He is insignificant.

e Feasibility: 4

In general little development work is identified for GCRs. The United States has
considerable experience with gas-cooled reactor systems. U.S. industry is not directly
engaged in gas-cooled reactor development at present, but U.S. technology is well
documented. The U.S. HTGR technology is now being transferred to Russia for the
purpose of building an HTGR to burn the plutonium from the Russian plutonium
stockpile. Germany is no longer developing gas-cooled reactors but the German pebble
bed technology is in the process of being transferred to the South African nuclear
program. Japan is actively engaged in development of gas-cooled reactors. The required
coolant temperature is a bit higher than the current experience base for U.S. designs;
however, the current fuel form is expected to be acceptable for the somewhat higher
operating temperatures. The German reactors have been successfully operated at a
coolant outlet temperature 950C, and the Japanese are developing higher temperature
zirconium carbide coated fuel. Although the United States has experience with zirconium
carbide coated fuel, it may be expedient to license the Japanese technology. The U.S.
facilities for gas-cooled reactor fuel fabrication have been decommissioned but the
technology for making coated particle fuel still exists at facilities that produce Navy
reactor fuel.

e Safety: 3

The high heat capacity of the core for graphite-moderated helium cooled concepts results
in very gradual core heating in the event of a loss of flow accident. Furthermore, no
coolant phase change occurs for any postulated accident sequence. The high fission
product retention ability of the HTGR microsphere fuel provides another safety
advantage. Helium is non-toxic and does not present a fire or explosion hazard.

The issue has been raised concerning the possibility of rapid oxidation of the graphite
fuel elements in the event of accidental air ingress into the primary system. The
proponents of gas-cooled reactors argue that the high-density, high-grade graphite used
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for the fuel elements does not undergo rapid oxidation for postulated loss-of-coolant
accident conditions [36]. The possibility of significant water ingress seems highly
improbable due to the absence of a high-pressure water interface with the primary loop.
Furthermore, magnetic bearings and electric motors will be used for the compressor,
rather than using water bearings and steam-driven Pelton wheels (used for FSV).
Nonetheless, independent study of the possibility of rapid oxidation is recommended. Gas
cooled reactors, taking advantage of coated particle fuel technology, are sometimes
designed without an external containment building. Here we have assumed adequate
confinement by either the fuel particle coating, or by a confinement enclosure (reflected
in somewhat higher capital costs, as discussed subsequently).

e Operational issues: 3
Other than the lack of a large base of operational experience (compared to PWRs and
BWRs), no significant operational issues are identified. Nonetheless, very high
temperature, high pressure operating conditions may present some operational
considerations; thus, a score of (3) is awarded for operational issues.

e Capital costs: 2
The poor heat transfer characteristics of gasses and the large volumes of graphite required
for effective moderation generally result is fairly large reactor systems. Furthermore,
large reactor systems combined with the need for containing a high-temperature, high-
pressure coolant may result in increased capital costs. Additional capital costs will result
if a containment or confinement building is required. Given all of these considerations, a
(2) was awarded for capital costs.

e Intermediate loop compatibility: 4
The helium coolant is entirely compatible with the intermediate loop.

e Other issues and merits: 3
The high temperature capability of the helium-cooled reactor can also be used to develop
highly efficient systems for electrical power. The possibility of a direct Brayton cycle
may result in significant efficiency improvements and reduced capital costs for the
production of electricity. (If the PBR is used, online refueling, deep fuel burn, and low
excess reactivity operation are feasible).

4.7 Molten Salt-Cooled Reactors
Fluoride salts were selected as the representative coolant for molten salt-cooled

reactors.

Assessment:

e Materials compatibility: 3

Molten fluoride salts exhibit good corrosion resistance at high temperatures; however, the
required temperatures are somewhat higher than the existing experience base. Although
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molten fluoride salts should be compatible with graphite, some evidence of mass
transport has been obtained for systems using both metal and graphite components [37].
The possible issue of fission product effects for molten salt-core reactors does not apply
to molten salt-cooled reactors.

e Coolant stability: 3
Molten salts are found to be stable in high temperature and radiation environments;
however, long-term operation data is lacking.

e Pressure requirements: 4
The vapor pressure for molten salts is very low.

o Nuclear issues: 4

Activation of fluoride salts should be modest and the void coefficient is expected to be
negative. Lithium fluoride salts will require the use of depleted lithium (99.999% "Li) to
reduce parasitic neutron capture and the generation of tritium and helium.

e Feasibility: 3

The United States developed molten salt technology for the Molten Salt Reactor
Experiment. The United States has also developed HTGR fuel and fuel elements
(proposed to be used with a molten salt coolant). Furthermore, the excellent heat transfer
capability of molten salts should reduce maximum fuel temperatures relative to gas-
cooled reactors. On the other hand, the differences between molten salt and helium
coolants will probably require modification of the core design. The lack of adequate long-
term data in the desired temperature range also presents a development risk. MSCR is
projected to be feasible, but undemonstrated (3).

e Safety: 4

Void coefficients for molten salts are expected to be negative. Molten salt coolants
possess HTGR safety advantages as well as molten salt advantages. If the basic fuel form
of the HTGR 1is not substantially altered, the high heat capacity of the graphite blocks
result in very gradual core heating in the event of a loss of flow accident. The low
pressure of molten salts provides the safety advantage of preventing loss-of-coolant
accidents due to rapid coolant evaporation and explosive release of a high pressure
coolant is precluded. Furthermore, the molten salt coolant can enhance passive heat
transfer for some postulated accident conditions. The low-pressure coolant and passive
heat removal capability may completely eliminate air ingress issues. The high fission
product retention ability of the HTGR microsphere fuel provides another safety
advantage. For postulated severe accidents, molten salts can react with some fission
products, possibly reducing the source term. In addition, molten salts do not present fire
or chemical explosion hazards. The toxicity of molten salts may present safety
considerations, but on the whole, MSCRs appear to offer outstanding safety advantages.
As a consequence, a score of (4) is awarded.
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e Operational issues: 3

The very high melt temperature for molten salts may present some operational
challenges.

e Capital costs: 3
Low operating pressures may reduce some capital expenditures, but the required high
temperature thaw system may present additional capital expenditures.

e Intermediate loop compatibility: 3
Possible reactivity effects of voids introduced by helium leakage from the intermediate
loop must be considered. A molten salt coolant could be used for the intermediate loop;
however, compatibility with the thermochemical loop may then present issues for some
postulated accidents.

e Other issues and merits: 3

The development of high temperature molten salt-cooled reactors could provide the
technology for highly efficient systems for electrical power.

4.8 Liquid-Core Reactors

Liquid-core reactors possess a number of unique features and advantages.
Aqueous liquid cores are not recommended, however, because operational pressures
would be extreme. Liquid metal-core concepts are not as well developed as molten salt-
core reactors and they present mass transport and corrosion issues. Molten salt-core
reactors are selected as the lead candidate among molten-core approaches.

Assessment:

e Materials compatibility: 3

Molten fluoride salts exhibit good corrosion resistance at high temperatures; however, the
required temperatures are somewhat higher than the existing experience base, and
operational experience is much shorter than the required lifetime. Although fission
products are removed from the coolant during operation, the effect of continued release
of fission products into the coolant stream needs to be assessed.

e Coolant stability: 3
Molten salts are stable in high temperature and radiation environments, however, long-
term operational data is lacking. Furthermore, the possibility of precipitation of fuel
materials needs to be assessed.

e Pressure requirements: 4
The vapor pressure for a molten salt core is very low.
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e Nuclear issues: 3

The circulation of hot fuel materials, actinides, and fission products can present
significant operational challenges.

e Feasibility: 3

The United States has developed molten salt core technology with the Molten Salt
Reactor Experiment. Nonetheless, long term operational data is lacking, and issues
relating to a radiologically hot primary loop and on-line refueling and processing present
significant challenges.

e Safety: 3

Molten core reactors offer significant safety advantages. Online refueling eliminates the
need for high excess core reactivity and substantially reduces the risk from reactivity-
induced accidents. The online removal of fission products reduces the potential source
term for some postulated accidents and removes the decay heat source from the core and
primary loop. Furthermore, the coolant is not a fire or chemical explosion hazard. On the
other hand, the potentially high activity in the primary loop and the need for on-site
fission product processing introduces some additional safety issues.

e Operational issues: 2

The high melt temperature for molten salts, the limitations on access due to a hot primary
loop, and the need for online fuel/coolant processing presents operational challenges.

e Capital costs: 1

Low operating pressures may reduce some capital expenditures; however, the required
high-temperature thaw system, online refueling system, and fission product removal and
treatment systems could result in significant capital costs.

e Intermediate loop compatibility: 3

The radiologically-hot coolant could enter the secondary loop in the event of a heat
exchanger leak. Furthermore, if helium is used in the intermediate loop, a leak of helium
into the primary loop could create bubbles with possible effects on reactivity. A molten
salt coolant could be used for the intermediate loop; however, compatibility with the
thermochemical loop may then present issues for some postulated accidents.

e Other issues and merits: 3

The liquid-core reactor offers the advantages of online refueling, online waste treatment
and storage, the ability to use a variety of fuel types (e.g., plutonium, uranium, MOX),
and the potential for deep fuel-burn to render the fuel proliferation resistant. The high
temperature capability could also be used to develop highly efficient systems for
electrical power.
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4.9 Gas-core Reactors

e Feasibility: 0
The required development work and the development risk for gas core reactors are too
significant to merit further consideration for this study.

5.0 Stage 4: Development COSTs

From the preceding analysis, the gas-cooled reactors (GCRs), molten salt-cooled
reactors (MSCRs), and heavy metal-cooled reactors (HMRs) appear to be the most
promising. A detailed economic analysis of development costs is beyond the scope of this
study but an estimate of the relative development cost of the three concepts is instructive.
For the purpose of selecting a baseline concept, a simple method for comparing
development will be used.

5.1 Approach

Expected development cost trends for MSCR and HMR systems will be compared
relative to GCR development costs. Gas cooled reactors are chosen as the baseline
because GCRs are the most developed of the three promising concepts. If development
cocts are expected to be significantly greater than for GCRs, then selecting GCRs for the
baseline is clearly recommended. The following simple indictors will be used:

4 Lower development cost than for gas-cooled reactors

3 Approximately the same development cost as for gas-cooled reactors
2 Higher development cost than for gas-cooled reactors

1 Significantly higher development costs

0 Prohibitive development costs (eliminate from consideration)

This numbering system is consistent with the numbering system in Section 5, in that
higher numbers are favorable. Note that the reference GCR baseline score is always equal
to (3).
The following development activities were identified:

e Materials development

e Fuel development

e Component development

e System design

e Fabrication facility development

The results of this assessment are presented in Table 6.

45



Table 6 Development Cost Scores Relative to GCRs.

Reactor Materials | Fuel Component | System | Fab. Unweighted
Type develop develop | develop develop | facility | average
HMR 1 1 2 3 1 1.6

MSCR 2 3 2 2 2 2.2

GCR 3 3 3 3 3 3.0

5.2 Materials Development
Materials development refers to coolant compatibility issues. Gas-cooled reactors

have demonstrated acceptable materials compatibility for more than a decade of

operation (AVR) in the required temperature regime. Molten salt compatibility looks
promising; however, demonstrated molten salt acceptable compatibility close to the
desired temperature range was limited to about two years. Given this lack of long-term
operational experience, additional materials development is most likely required for the
MSCR (2), Heavy metal cooled reactors have not been operated anywhere near the
required temperature range, and significant materials development is most likely required
for the HMRs (1).

5.3 Fuel Development

The required coolant temperature is somewhat higher than that used in the U.S.
HTGR program. The required higher coolant temperature could result in higher fuel
temperatures than demonstrated for HTGR designs. If higher fuel temperatures are
required to achieve 900 C coolant temperatures, fuel development work will be required.
The Japanese HTTR, an HTGR-type reactor, is currently ramping up to the expected
operating temperature of > 900C, and a significant effort in developing and
demonstrating zirconium carbide coated fuel particles is underway in Japan.

The excellent heat transfer characteristics of molten salt cooled coolants may
result in less demanding requirements on the fuel; optimistically, the fuel already
developed for gas-cooled reactors may be used for the MSCR. The MSCR is a new and
undeveloped concept and additional development work cannot be ruled out. At this stage,
a significant difference in MSCR fuel development cost, relative to GCRs, is not clearly

indicated (3).

Fuel performance for HMRs is totally lacking in the required operational range,
and appreciable development work is projected for HMRs. As a consequence, the HMR

is scored a (1).

5.4 Component Development

Some component development is required for all three concepts. No significant
component development issues, relative to GCRs, are identified for the MSCR or the
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HMR. Nonetheless, the lack of experience with these systems in the required temperature
range implies the possibility of unexpected component development costs. Both MSCRs
and HMRs are scored a (2).

5.5 System Design Development

Full system designs for high temperature GCRs have been developed; whereas the
MSCR is an entirely new concept and significant MSCR system design development is
anticipated (2). The Russians have carried out appreciable design development work for a
commercial HMR. If the higher temperature capability required for the sulfur-iodine
cycle does not alter the HMR design significantly, it is possible that additional system
design work will be minimal (3).

5.6 Fabrication Facility Development

Internationally, fuel fabrication facilities existed in Germany for the Pebble Bed
reactor fuel, and the technology is being transferred to South Africa. Developmental fuel
fabrication facilities exist in Japan and facilities are now under development in Russia.
Fuel fabrication facilities for production of coated fuel particles that can be used in GCRs
exist in the United States at (e.g., Babcock and Wilcox). These facilities have been in
operation, producing fuel for the Navy, for more than twenty years. A complete fuel
fabrication facility for the HTGR existed at General Atomics. Although the General
Atomics fabrication facility has been dismantled, the technology is fully documented and
recoverable. Fabrication processes for most major GCR components have been
established.

If MSCRs use the same fuel as GCRs, no fabrication development will be
necessary. The assumption that MSCRs can use GCR fuel is based on the documented
resistance of graphite to 2LiF-BF,. Although the fuel elements and coated particles are
fully graphitized, the fuel compacts are not. Nonetheless, a clear need for greater fuel
fabrication development (relative to GCRs) is not identified. Fabrication technology may
need to be developed, however, for other MSCR components that will be required to
operate at higher temperatures than those required for the molten salt reactor experiment.
The fabrication development cost for the MSCR is scored a (2).

Fuel fabrication facilities will need to be developed for the HMR. Some facilities
capable of producing HMR fuel probably exist in Russia, but this fuel never operated at
the required temperatures. Appreciable fuel fabrication technology development is
expected, and other component fabrication technology development is expected as well

(D).

5.7 Development Assessment

From Table 6 we observe that the GCR approach is expected to result in the
lowest development cost and risk. The MSCR and, especially, the HMR approaches are
expected to require significantly greater development costs.

47



6.0 Conclusions

Based on the forgoing discussion, the following preliminary conclusions and
recommendations are made:

PWR, BWR, Organic-Cooled, and Gas-Core Reactors — Not Recommended

From the preceding analysis we conclude that all PWR approaches are
impractical in that enormous system pressures are required to obtain 900 C
coolant temperatures.

The highly corrosive nature of 900 C steam eliminates BWRs from
consideration.

Organic-cooled reactors are not recommended as a heat source for the
sulfur-iodine thermochemical cycle because organic coolants dissociate at
temperatures well below the required cycle temperature.

Gas core reactors were not considered because the approach requires
unproven technology at a fundamental level and the development risk is
too great for the goals of this program.

Liquid-Core Reactors and Alkali Metal-Cooled Reactors

— Significant development risk

Although the liquid-core reactor technology is promising for operation at
the required temperatures, the circulation of radiologically hot fuel/coolant
presents many operational and developmental issues, as well as high
capital costs. At this stage the molten core is judged to be a possible
approach, but it is not retained as a strong alternative.

Alkali metal-cooled reactors are also possible candidates, but the general
corrosiveness of alkali metals at very high temperatures is an important
issue. At this stage, the technology risk and development cost are judged
to be significant. Furthermore, if special alloys and complex fuel elements
are required, the capital cost required to produce a system capable of
meeting performance requirements may be significant. Positive void
coefficients, fire and explosion hazards, coolant activation, and thaw
requirements are additional undesirable features of alkali metal coolants.
For these reasons, alkali metal-cooled reactors are considered as
possibilities, but not a strong alternative.

Heavy Metal and Molten Salt-Cooled Reactors — Promising

Both HMRs and MSCRs appear to be promising candidates, but relatively
high development costs places these approaches in the promising
alternative category.
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Gas Cooled Reactors — Baseline choice

Based on Table 5, helium gas cooled reactors appear to well suited for the
proposed application. From Table 6, GCRs are projected to require
substantially lower development costs then alternative approaches. The
underlying reasons for the suitability of GCRs for the high temperature
sulfur-iodine cycle are: (1) helium is chemically inert, and (2) gas cooled
reactors have been successfully operated for a number of years in the
required temperature range. Altogether, the GCRs approach appears to be
very well suited as a heat source for the intended application, and no major
development work is identified. This study recommends using a Gas-
Cooled Reactor as the baseline reactor concept for a sulfur-iodine cycle
for hydrogen production.

Although the GCR approach provides a number of important safety
advantages, a possible safety issue has been raised associated with
postulated accidents leading to air ingress. An independent review of this
issue is recommended.
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1 MS 0747 V.]J. Dandini, 6410
1 MS 0747 F. A. Duran, 6410

1 MS 0747 J. L. Lachance, 6410
1 MS 0747 T. T. Sype, 6410

1 MS 0747 G. D. Wyss, 6410

1 MS 0748 C. A. Ottinger, 6413
1 MS 0748 G. E. Rochau, 6415
1 MS 0748 R. D. Waters, 6413

1 MS 0779 L. C. Sanchez, 6849
1 MS 0892 S. K. Showalter, 1764
1 MS 1136 P. S. Pickard, 6424

1 MS 1136 D. B. King, 6424

1 MS 1141 R. L. Coats, 6433

1 MS 1141 R. A. Knief, 6433

1 MS 1141 S. W. Longley, 6424
1 MS 1141 M. J. McDonald, 6424
1 MS 1141 E.J. Parma, 6424

1 MS 1142 J. W. Bryson, 6431

1 MS 1142 K. R. Boldt, 6431

1 MS 1143 G. E. Naranjo, 6424
1 MS 1146 R. L. Lipinski, 6424
1 MS 1146 P.J. Cooper, 6422

1 MS 1146 K. R. Depriest, 6422
1 MS 1146 P.J. Griffin, 6422

1 MS 1146 G. A. Harms, 6422

1 MS 1146 R. X. Lenard, 6422

1 MS 1146 S. M. Luker, 6422

1 MS 1146 A.J. Suo-Anttila, 6422
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MS 1146 M. E. Vernon, 6422

MS 1146 S.A. Wright, 6422

MS 0425 A. C. Marshall, 9815

MS 9211 Central Technical Files, 8945
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MS 0612 Review & Approval Desk, 9612
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