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Abstract

The Brookhaven National Laboratory (BNL) is
carrying out a comprehensive conceptual design study
called HYFIRE of a commercial fusion Tokamak reactor,
high-temperature electrolysis system. The study is
placing particular emphasis on the adaptability of
the STARFIRE power reactor to a synfuel applicationm.
The HYFIRE blanket must perform three functions:

a) provide high-temperature (v1400°C) process steam
at moderate pressures (in the range of 10 to 30 atm)
to the high-temperature electrolysis (HTE) units;

b) provide high-temperature (%700 to 800°C) heat to
a thermal power cycle for generation of electricity
to the HTE units; and c) breed enough tritium to
sustain the D-T fuel cycle. In addition to thermal
energy for the decomposition of steam into its con=-
stituents, Hy and 0z, electrical input is required.
Power cycle efficiencies of “40% require He cooling
for steam superheat., TFourteen hundred degree steam
coupled with 40% power cycle efficiency results in
a process efficiency (conversion of fusion energy to
hydrogen chemical energy) of 50%.

Bl

1. Introduction

Brookhaven National Laboratory is carrying out
a comprehensive conceptual design study called
HYTIRE of a commercial fusion Tokamak reactor, high=
temperature electrolysis system. The purpose of the
study is to provide a mechanism for DOE to further
assess the commercial potential of fusion via a
Tokamak reactor for the production of synthetic fuel.
The HYFIRE reactor design is based on the Tokamak
commercial power reactor, STARFIRE.,I the primary dif-
ference residing in the type of blanket between the
two reactors. The study is placing particular em-
phasis on the adaptability of a Tokamak power re-
actor to a synfuel application.

Details of the STARFIRE reactor study are docu=-
mented in Ref. 2. The key technical objective of
the STARFIRE study has been to develop an attractive
embodiment of the Tokamak as a commercial power re-
actor consistent with credible engineering solutions
to design problems. This same philosophy is carried
over to the HYFIRE study with an eye towards asses-
sing what major changes are required for the synfuel
reactor. HYFIRE is based on the deuterium/tritium/
lithium fuel cycle.

The primary criteria for commercial attractive-
ness emphasized in the STARFIRE study are economic,
safety, and environmental impact. These criteria
are, of course, of equal concern for HYFIRE where
economics must include the economics of producing
hydrogen and safety and eviromnmental impact include
the production of hydrogen and oxygen.

Section 2 is an overview of the reactor concept.
Section 3 covers blanket design of the synfuel pro-
cess modules as well as tritium breeding/power cycle
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modules. Section 4 is an overview of the HTE pro-
cess and design of the electrolyzer, including some
aspects of product conditioning. Section 5 covers
the overall process design including the thermal
power cycle for electrical power generation and
coupling the HTE process. Section 6 presents the
key conclusions based on preliminary analysis.

2. Overview of Reactor Concept

Figure 1 shows a simplified flow sheet for an
HTE/fusion synthetic fuel plant. All electrical
production goes to the HTE cells (and to operation
of the fusion reactor) to make hydrogen/electricity
for sale, depending on market demand. Two blanket
types are inferred; the first type heats steam o
high temperatures (T>1000°C) for delivery to the HTE
cells, while the second heats a working fluid for
the thermal power cycle and electricity generation
as well as for tritium breeding.

Major systems of HYFIRE are shown in Figure 2.
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The reactor major radius is 7.0 m, plasma half-width
is 1.94 m with a plasma elongation of 1.6. All
superconducting equilibrium field coils are located
outside the 12 toroidal-field coils and 4 small seg-
mented copper coils are located inside for plasma
stability control. The shield provides neutron=- and
gamma-ray attenuation and serves as the primary vac-
uum boundary for the plasma. Twelve shield access
doors .are provided to permit removal of 24 toroidal
blanket sections. Twelve electrolyzer units and
associated heat exchangers are housed in a building
circumferentially surrounding the reactor. In addi-
tion, the power generating units are shown.

Steady state operation of the Tokamak is assum=-
ed. As the STARFIRE study indicates, and which is
equally applicable to HYFIRE, there are a number of
technological and engineering benefits for a commer-
cial reactor that would be derived from steady state
operation. Among these are: (l) component and sys-
tem reliability is increased; (2) material fatigue
is eliminated as a serious conceérn; (3) higher neu-
tron wall load is acceptable; (4) thermal energy
storage is not required; (5) the need for an inter-
mediate ¢oolant loop is reduced; (6) electrical en-
ergy storage is significantly reduced or eliminated;
and (7) an ohmic heating solenoid is not needed, and
external placement of the equilibrium=-field coils
is simplified. It has been estimated that the com-
bined benefits of steady state can result in a saving
in the cost of energy as large as 25 to 30Z.

All fusion applications will probably require
reasonably high plant availabilities (fraction of
the time the plant is on-line), on the order of 0.5
to 0.8, due to the high capital investment for the
reactor. As with any electric generation system,
fusion reactors connected to the grid will have to
have high reliability, with relatively few outages
per year. Reliability requirements for a synfuel
plant will be less demanding, though, since the pro-
duct can readily be stored off-line. Tluctuations
in plant output can thus be readily smoothed out by
using available storage to meet demand requirements
if the plant shuts down. While high capital cost re-
actors will have to have high plant factors for
economic reasons, they could be allowed to shut down
unexpectedly fairly often for short periods (i.e.,
to start up the plasma), if they were not connected
to an electrical grid.

3. Blanket Design

The HYFIRE blanket must perform three functions:
a) provide high-temperature (>1000°C) process steam
at moderate pressures (in the range of 10 to 30 atm)
to the high-temperature electrolysis units; b) pro-
vide high-temperature (%700 to 800°C) heat to a
thermal power cycle for generation of electricity to
the HTE units; and c) breed enough tritium to sus-
tain the D=-T fuel cycle. The dual requirements,
generac ion of high-temperature process steam for the
HTE's and high-temperature heat for the thermal
power cycle, differentiates the HYFIRE and STARFIRE
blanket systems.

Setting the requirement that the global breed-
ing ratio equal 1.1 to allow for doubling time re-
quirements, perturbations, etc., for HYFIRE places
a premium on space, i.e., it will probably be neces-
sary to breed tritium in regions of the process
steam blanket modules. Tritium from the power cycle
part of the blanket must make up the tritium
deficiency.

The two-temperature zone blanket? approach - i I
is mandatory for the process steam portion of the
energy supply. The modules will have relatively
cool shells (v300°C) with thermal insulation between
the shell and the high-temperature (v1400°C) interior.
The two-temperature design concept is also carried
over for the power cycle modules.

Three blanket options are under study for
HYFIRE. Each option has an HTE steam module region
and a power cycle module region with tritium breed-
ing in each region. Tritium breeding is to be ac=-
complished with solid breeders, and tritium inven-
tory in the blanket should be minimized. A possible
problem with tritium holdup in Li;0 has been raised
by the STARFIRE study. This can be circumvented
either by using neutron multipliers (Be, Pb) and a
solid breeder (either Liz0 or LiAlOj), by scaveng-
ing with D2 or Hz in the He purge circuit, or by
using a liquid breeder material (e.g., PbBilLi mix~
ture)., Tritium will be released to He purge streams,
and not to the main circuit. Module arrangement
along toroidal field lines, as in STARFIRE, is pre-
ferred, since this minimizes differences in mainten=-
ance procedures between HYFIRE and STARFIRE. The
inboard Llauket-shicld region will prahahly he used
for YTE steam modules, with a thin secondary zone
behind for tritium breeding.

For the HTE modules the refractory oxides (ZrO;
and Al;03) in the high~-temperature region of the
blanket must be stable under exposure to the steam
or steam/hydrogen process stream under radiation and
thermal cyecling conditions. Such materials will
f£i11 the interior of the blanket as solid rods or
balls, and will also be used as a low density solid
block or fibrous thermal insulation between the high-
cemperature interior and the scructural shell,
Materials compatibility tests® in steam and steam/
hydrogen indicate that ZrO; and Al;03 are suitable
for long-term service up to “1500°C (the present
testing limit at BNL). Tests with SiC and MgO indi~
cate these materials are restrictad to somewhat
lower temperatures.

Figure 3, the MARK IT blanket, is representative
of one of the blanket options. ALl of the larger
modules are of the two-temperature-zone type, with
steam cooling of the hot interiors and water cooling
of the module shells, A row or smaller diameter
modules (e.g., diam V15 cm) are placed in front of
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thes row of main modules for neutron multiplication/
tritium breeding. Several smaller modules would be
mounted on a grid so that they could be removed as

a unit when appropriate. The remainder of the blan-
ket (i.e., the main modules and the tritium breeder
modules behind them) could be left in place for
further use, since their radiation damage would be
considerably less.

Cylinders are attractive since they are easier
to fabricate and have the most structural strength
for a given thickness of the module wall. Spaces
between the cylinders are filled by water return
lines and some solid neutron moderating material
(e.g., graphite). Surprisingly little plugging is
necessary to £ill the gaps between the modules. Each
of the main modules have two water return lines,
with one water return line per smaller module. [It
may be desirable to have an additional water line
between the smaller modules immediately facing the
plasma, to reduce neutron streaming to parts of the
main module shells.]! The return line arrangement
allows all headering to be on one side of the blan-
ket sector. Coolant flows down the module shell to
its end, with £low back through the return lines.
Steam flow can also be headered from one side of the
5lanket sector. Flow would go down one plenum in
the main module, cross flow through the module inter-
ior, and return through the other plenum.

Representative tritium breeding ratios for the
three blanket options studied are shown in Table 1.
All options are viable from the standpoint of neu-
tronics and thermal hydraulics. A preferred design
would be MARK II, since it would offer one type of
bSlanket in che reactor chamber., It also has the
potential for highest electrical to hydrogen produc-
tion efficiency provided that there is adequate en-
ergy deposition in the hot blanket interior.

4, HTE Process

The electrochemical decomposition of water into
hydrogen and oxygen is an endothermic reaction re-
quiring both heat and electricity. The efficiency
of production of electricity from fusion reactor
heat is limited by the Carnot relationship and var-
ious irreversibilities in the power cycle. With
conventional steam power cycles, electrical genera-
tion efficiency will be on the order of 40%. Since
the heat input component for water decomposition is
used directly at essentially 100%Z efficiency, there
is a definite advantage to making the ratio of the

irect heat input to the electrical energy input as
large as possible., At a temperature T, the input
thermal energy equals TAS, where AS is the entropy
change for the reaction. The electrical energy in-
put equals the Gibb's free energy change, AF, for
the reaction, and the sum of these energy changes
equals the reaction enthalpy, AH.

Table 1 Representative tritium breeding results
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The energy splits are shown, as a function of
temperature, in Figure 4. As temperature increases
the reaction enthalpy remains virtually constant.
The Gibb's free energy or electrical energy input,
however, decreases with increasing temperature and
the thermal energy input, TAS, increases. The ratio
of thermal energy (TAS) to electrical energy (AF)
increases with electrolysis temperature; this re-
sults in higher process efficiency so that more hy-
drogen production can be generated for a given fu-
sion energy input. For HYFIRE, the design tempera-
ture of interest is 1400°C.

The heat input, TAS, absorbed by the HTE cells
during electrolysis is supplied from the sensible
heat content of the process streams. For practical
electrolyzer designs, the steam/Hp stream will cool
by 100° to 200°C as it proceeds through the
electrolyzer.

Extensive work has been done on the use of
solid electrolytes for high-temperature electrolysis
of steam. Major developments in high-temperature
solid oxide electrochemical cells have resulted from
studies of solid oxide fuel cells at Westinghouse
Research and Development Laboratories. The Westing-
house fuel cell design is based on a thin layer
electrochemical cell supported on a thick ceramic
porous base. This approach permits significant re-
duction in electrolyte thickness. A schematic of
the Westinghouse fuel cell is shown in Figure 3.
This design also serves as the basis for the high-
temperature electrolyzer since an electrolyzer is
a fuel cell in reverse.

High-temperature electrolysis uses arrays of
tubes of relatively small diameter (V1 cm), thick
walled porous ceramic (e.g., stabilized ZrQz) on
which a succession of thin electrode layers of
suitably-doped ceramics are deposited. The Hp and
0 ceramic electrodes are separated by a thin (sev-
eral mils) electrolyte layer of yttria-stabilized
Zr0. Electrodes are electrically connected in
series along each tube to minimize IR losses. A
large number (v103) of electrolyzer tubes are then
connected in parallel in a large pressure vessel,
Figure 6. Typical steam pressures in a high-tempera-
ture electrolyzer are on the order of 10 to 20 atm.
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Previous studies’ of HTE processes have assumed

that steam is directly heated in the hot interior
of the HTE process heat modules, and then passes in-
to the HTE electrolyzer. The steam is cooled as it
passes through the electrolyzer by the endothermic
electrolysis process. In order to keep the electro=-
lyzer temperature at a high average value, it is nec=-
essary to electrolyze only a small fraction (V10%)
of the steam during its passage and return the steam-
Hy mixture for reheat to another section of the blan-
xet. The optimum number of series of reheats and
electrolyzers depend on various parameters. For
reasons of ducting and connections to the 24-blanket
sectors of HYFIRE, the number of electrolyzers are
fixed at 12, one for each two blanket sectors, and
process parameters are adjusted to reflect the fixed
numbers.

This type of electrolysis process arrangement
is characterized by: 1. Steam-H, mixtures flow
chrough the blanket, with the Hj/Steam ratio varying
from O for the first electrolyzers to “10/1 at the
exit of the electrolyzer string. The refractory in
the hot blanket interior must thus withstand steam/
Hy mixtures at temperatures of “1400°C. 2. Radio-
active isotopes picked up by the steam-H, stream
will go along with the H; product, necessitating

cleanup by filtracion or absorption (e.g., in ion .
exchange resins).

Other types of HTE process arrangements are
possible to mitigate activation of the Hy product.
Rather than circulating steam through the blanket
to remove heat, instead, it passes straight through
the electrolyzers, either in series or parallel flow,
exiting as almost pure Hp. Heat is provided to the
electrolyzers (and removed from zhe blanket) by cir-
cularing 0 plus inert gas (e.g., He) from the shell
side of the electrolyzer. Oxygen would be separated
f£rom the inert gas at the end of the process and
discharged to the atmosphere or whatever market was
available.

Another design approach would be to make the
HTE electrolyzer slightly longer (e.g., about 10Z
longer), with a separate shell side zone to transfer
heat from the He blanket coolant to the steam-H;
mixture flowing inside the nonporous Zr0,; HTE tube.
A separation partition between the O shell side
zone and the He shell side zone is required, with a
flowing gas sweep to prevent slight mixing of gases
in the two zones.

5, Thermal Power Uycle/rrocess Design

For the HTE process, only about 20% of total
fusion energy needs to be extracted at the HTE pro-
cess conditions (steam at 1400°C), and it seems
likely that this should be easily achieved with the
MARK II blanket, even when deposition in the multi-
plier/breeder front modules is accounted for. How-
ever, for an efficient power cycle, it is necessary
to have a substantial amount of superheat energy at
temperatures above 300°C. This requires an addi=-
tional 15% in the temperature range of 300° to 500°C,
and would be provided by steam from the main modules,
which either could heat the power cycle steam in=-
direclly In a steam-tu=steam heat exchanger, or
could heat it by direct injection., Accordingly,
about 35% of the total fusion energy needs to be
deposited in the hot interior of the main modules,
with an accompanying breeding ratio, T/n, of >1l.1.
This may or may not be possible, depending on module
materials and design. If insufficient energy is de=-
posited in the main modules, it would be necessary
to have some fraction of the multiplier/breeder mod=-
ules cooled by high-temperature He to get sufficient
superheat for the steam cycle,

In general, drivers on power cycle design in=-
clude: a) the two-temperature zone blanket; b)
superheated steam power cycle; and c) STARFIRE re-
circulation. Preliminary studies and calculationms
indicate that gross power cycle efficiency in the
40 to 457 range appear achievable in HYFIRE using
STARFIRE power recirculating parameters and He power
requirements. Corresponding H; production efficiency
(total fusion energy to the chemical energy of the
hydrogen produced) is in the 50 to 55% range. Direct
steam superheat in MARK II blankets was the potential
for significant increase in power cycle efficiency.
The turbine would have to operate above 1200°F
though, which would imply advancement in turbine
technology.

6. Conclusions
Based on HYFIRE studies to

observations are made. a) the
appears more attractive (single

date, the following
MARK II blanket
type of blanket in
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refctor chamber, potential for high thermal effi-
ciency); b) attractive tritium breeders such as
LiAl0z and liquid lead with dissolved lithium have
been identified; c) gross power cycle efficiencies
in the 40 to 45% range appear achievable; and d)
high B production efficiencies in the 50 to 557%
range appear achievable.
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