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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 ST.~IRE power reac~or to a synfuel application. 
The HYFIRE blanket must perform three functions: 
a ) provide high-temperature (~l400°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 soo·c) heat to 
a thermal power cycle for generation of electricity 
to t he ~TE uni~s; and c ) breed enough tritium to 
sustain t he ~-T fuel cycle. !n addition to thermal 
energy for the decomposition of steam into its con­
stituents, Hz and Oz, electrical L~put is required. 
?ower cycle efficiencies of ~40/. require He coolL~g 
for steam superheat. Fourteen hundred degree steam 
coupled with 40% power cycle efficiency results in 
a process efficiency (conversion of fusion energy to 
hydrogen chemical energy) of 501.. 

l. Introduction 

Brookhaven National Laboratory is carrying out 
a comprehensive conceptual design study called 
~YFIRE 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 che comrtlercial IJU tencial of fusion 'Tia " 
Tokamak reactor for the production of synthetic fuel. 
The HYF!RE reactor design is based on the Tokamak 
commercial power reactor, STARFIRE, 1 the prL~ary dif­
ference residing in the type of blanket between the 
two reac~ors. :he study is placing particular em­
phasis on the adaptability of a Tokamak power re­
actor to a synfuel application. 

Details of the STAREIRE reactor study are docu­
mented in Ref . 2. The key technical objective of 
the STA.~IRE study has ~een 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 RYFIRE study with an eye towards asses­
sing what major changes are required for the synfuel 
reactor. HYFIRE is based on the deuterium/tritium/ 
lith ium fuel cycle. 

The prL~ary criteria for commercial attractive­
ness emphasized in t he STARFIRE study are economic, 
safety, and environmental impact. These criteria 
are, of course, of equal concern for HYF!RE where 
economics must L~clude the economics of producing 
hydrogen and safety and evironmental 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 wel~ a s 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 Conceot 

Figure l shows a simplified flow sheet f or an 
HTE/fusion synthetic fuel plant. All electrical 
production goes to the HTE cells (and co operation 
of the fusion reactor ) co make hydrogen/electricity 
for sale, depending on market demand. Two blanket 
t ypes are inferred; the first t ype heats steam to 
high temperatures ( T~lOOo•r.) for c;! elivery 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 l ocated inside for plasma 
stability control. The shield provides neutron- and 
ga~~-ray attenuation and serves as the primary vac­
uum boundary for the plasma. ~~elve shield access 
doors .are provided to permit removal of 24 toroidal 
blanket sections. ~~elve electrolyzer units and 
associated heat exchangers are housed in a building 
circumferentially surrounding the reactor. In addi­
tion, t he power generating units are shown. 

Steady state operation of the Tokamak is assum­
ed. As t~e STARFIRE study indicates, and which is 
equally applicable to HYFIRE, there are a number of 
tec~ological and engineering benefits for a commer­
cial reactor that would be derived from steady state 
operat i on. ~~ong these are: (1) component and sys­
tem rel i ability is increased; (2) material fat igue 
i s el~~~~atec a s a serious concern; (3) higher neu­
t ron wal l loac i s acceptable; (4) ther~~l en~rgy 
s torage i s nee required; ( 5) the need for an inter-

P.r. ' a te coolan~ loop i s reduced; (6) electrical en­
ergy storage is significantly reduced or elim~ated; 
and ( 7) an ohmic heating solenoid is not needed, and 
external place~ent of t he equilibrium-field coils 
is simplified. It has been estimated t~t the com­
bined benefits of steady state can result ~~ a saving 
~ the cost of ~~ergy as l arge as 25 to 30i. . 

All :usion applications will probably require 
reasonably high plant availabilities ( fraction of 
t he time the plant is on-line) , on the order of 0.5 
to 0.8 , due to t he high capital investment for the 
reactor. As with any electric generation system, 
:usion reactors connected to t he grid will have to 
have high rel i ability , with relatively few outages 
per year. Reliability requirements for a synfuel 
pl ant will be less demanding, though, since the pro­
duct can readily be stored off-line. :luctuat i ons 
in plant output can thus be readily smoothed out by 
using available storage to meet demand requirement:; 
if t he plant shuts down. While high capital cost re­
ac cors will have to have high plant factors for 
economic reasons, they could be allowed to s hut down 
unexpectedly f a i r l y o f ten f or short periods ( i.e., 
to start •.1p the plasma), if they were not connected 
to an electrical grid. 

3. Blanket Design 

The HYFIRE blanket must perform three functions: 
a ) provide high-ta~perature (~lOOO"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 soo•c) heat to a 
thermal power cycle :or generation of electricity to 
t he ~TE units; and c ) breed enough tritium to sus­
tain the D-T f uel cycle. The dual requirements, 
generation of hig h-temperature process steam for the 
HTE's and high-temperature heat for t he thermal 
power cyc l e , d i :ferentiates t he HYFIRE and STARFIRE 
bl anket s ystems. 

Setting the requira~ent t hat the global breed­
ing ratio equal 1.1 to all ow for doubling time re­
quire~ents, pertur~at ions, etc., f or HYFIRE places 
a premium on space , i.e. , it will probably be neces­
sary to breed trit ium in regions or the process 
steam blanket oodul es. Tritium from t he power cycle 
part of the blanket ~ust ma ke up the tritium 
c!ef i c iency. 
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The two-temperature zone blanket3 approach 

is mandatory for the process steam portion of the 
energy supply. The modules will have relatively 
cool shells (~300"C) with thermal insulation between 
the shell and the high-temperature (~1400"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 reg-ion 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 min~ized. A possible 
problem with tritium holdup in LizO has been raised 
by the STARFIRE study. This can b~ circumvented 
either by using neutron multipliers (Be, Pb) and a 
solid breeder ( either LizO or LiAlOz), by scaveng­
ing with D2 or Hz in the He purge circuit, or by 
using a liquid breeder material (e.g., ?bBiLi mix­
t ure) . Tri tium will be r eleased to He purge screams, 
and not to t he main circuit. ~odule arrangement 
along toroidal field l ines, as i n STA-~IRE, i s pre­
f erred, since t his mlllimizes d i:f erc~ces i n maint en­
ance procedures between HYF!RE and STARFIRE. The 
l.nboard l.J lauk.,L-:ohi.:J.d reg i on <Ti:l prnhah ly he used 
for ~TE steam modules, with a thin secondary zone 
behind for tritium breeding. 

For the HTE modules the refractory oxides ( ZrOz 
and A~203 ) in the high-temperature region of the 
blanket muse be stable under ~xposure t o t he steam 
or steam/hydrogen process stream under radiat i on and 
ther.nal cycling conditions. Such materials will 
fill t he interior of the blanket as solid rods or 
balls, and will also be used as a low density solid 
bl ock or fibrous thermal insulation between the high­
temperature interior and the structural shell. 
~~terials compatibility tests4 in steam and steam/ 
hydrogen indicate that Zr02 and Al203 are suitabl e 
for long-term servi ce up to ~1500"C ( the present 
testing limit at BNL) . Tests with SiC and MgO indi­
cate these materials are restricted to somewhat 
lower temperaturP.s. 

Figure 3, the ~~ II blanket, is representative 
of one of the blanket options. All of the -arger 
modules are of t he two-temperature-zone t ype, with 
steam cooling of t he hot inter i ors and water coo l ing 
of t he module shells, A row or ~maller diameter 
modules ( e.g., diam ~15 em) are placed in front of 
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t~ row of main modules for neutron multiplic.at:ion/ 
tritium b~eeding. Seve~al smalle~ modules would be 
mounted on a g~id so that they could be removed as 
a unit when appropriate. T~e ~emainde~ of the blan­
ket ( i.e., t~e main modules and t he t~itium breeder 
~odules behind t hem) could be left in place for 
furthe~ use, since t heir radiation damage would be 
considerably less. 

Cylinders are attrac:ive since they are easier 
to ·fab~icate and have the most structural strer1gth 
for a given t~ickness of t he module wall. Spaces 
between the cylinders are filled by water ~eturn 
lines and some solid neut~on moderating material 
(e.g., graphite). Surprisingly little plugging is 
necessary to fill 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 
na i n module s hel l s. ! :he recurn line arrangement: 
allows all headering to be on one side of the blan­
ket sector. Coo:ant flo ws down the ~odule shell to 
it$ end, with f l ow bac k through the return lines. 
Steam f l ow can also be headered from one side of the 
blanket sector. Flow would go down one plenum in 
the main ~odule, cross f low t hrough the ~odule inter­
ior, and return through the other plenum. 

~epresentative tritium breeding ratios for the 
three blanket options studied are shown in Table 1. 
All options are viabl e from the standpoint of neu­
cronics and thermal hydraulics. A preferred design 
would be ~!ARK II, since it w-ould offer one type of 
blanket in che reac.t:or chamber. It also has the 
pot:ent:ial for highest: elec.t:ric.al t:o hydrogen produc­
cion eff iciency prov ided that chere is adequate en­
ergy deposition i n t he hot blanket interior. 

4. Hr.': ?~oc.ess 

The electrochemical decomposition of water into 
hydrogen and oxygen is an endothermic. reaction re­
quiring both heat: and elect:ric.ity. The efficiency 
of production of electricity from fusion reactor 
heat is limited by t he Carnot relationship and var­
ious ir~eversibilities L~ the power cycle. With 
conventional steam power cycles, electrical genera­
tion ef:ic.ienc.y will be on the order of 40%. Since 
t he heat input: component for water decomposition is 
used directly at essentially 100% efficiency, there 
is a definite advantage to making the ratio of the 
direct heat input to t he electrical energy input as 
large as possible. At a temperature T, t~e input 
thermal energy equals T6S, . where AS is the entropy 
change for t ~e reaction. The electrical energy in­
put equals t he Gibb' s free energy change, tJ.: ., for 
t he reaction, and the sum of these energy changes 
equal s t he reaction enthalpy, tJ. H. 

Table 1 Representative tritium breeding results 

Breeding blanket 

1. 2 t o l. 6 

'HE breeding 

.3 to . 4 (no 
front breeding) 

!-'.A.'l.K II 

1. 0 to 1.4 

~RK III 

Breeding blanket 

l.l to 1.3 

HTE breeding 

.3 to ,4 (no 
front breec!ing ) 
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Figure 4 

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, TtJ.S, increases. The ra:io 
o£ thermal energy (TAS) to electrical energy (tJ.F) 
L~creases with electrolysis temperature; this re­
sults in higher process efficiency so chat more hy­
drogen production can be gene~ated for a given fu­
sion energy input. For HYFIRE, the design tempera­
ture of L~terest is l400"C. 

The heat input, !65, absorbed by the ~TE cells 
during elec.:rolysis is supplied from the sensible 
heat content of the orocess streams. For· oractical 
elec.trolyzer designs: the steam/H2 stream ~ill cool 
by 100° to zoo•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 \o/estinghouse 
Research and Development Laboratories. The ~-lest ing­
house :uel 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 S. 
This design also serves as the basis for t he high­
temperat:ure electrolyzer since an electrolyzer is 
a fuel cell in reverse. 

High-temperature electrolysis uses arrays of 
tubes of relatively small diameter ("- l em), chic ~~ 

· wal l ed porous ceramic ( e.g., stabilized Zr02 ) on 
which a succession of thin electrode l ayers of 
suitably-doped ceramics are deposited. -he H2 and 
02 ceramic electrodes are separated by a t hin ( sev­
e.·al mils ) electrolyte layer of yttria-stabilized 
Zr02. Slec.trodes are electrically connected i n 
series along each tube to minimize IR l osses. A 
large number ("-105) of el ectrolyzer tubes are t~en 
connected in parallel in a l arge pressure vessel, 
Yigure 6 . Typical steam pressures in a high-tempera­
ture elec.trolyzer are on the order of 10 to 20 atm. 
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INTERCONNECTION OXIDE 

Previous studies 5 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. ~n order to keep the electro­
lyzer temperature at a high average value, it is nec­
essary to electrolyze only a small fraction (~lOi.) 
of the steam during its passage and return the steam­
Hz mixture for re~eat to another section of the blan­
ket. 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, :he number of electrolyzers are 
fL~ed at 12, one for each two blanket sectors, and 
proc ess parameters are adjusted to reflect the fL~ed 
numbers. 

This type of electrolysis process arrangement 
is characterized by: l. Steam-H2 mL~tures flow 
through the blanket, with the Hz/s team ratio var ying 
from 0 for the first electrolyzers to ~10/1 at the 
exit of the electrolyzer string. The refractory in 
the ho t blanket interior must thus withstand steam/ 
Hz mixtures at temperatures of ~l4oo •c. 2. Radio­
active isotopes picked up by the steam-Hz stream 
will go along •Nith t he Hz product, necessitating 
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cleanup by filtration or absorption ( e . g., in ion 
a~change resins). 

Other types of HTE process arrangements are 
possible to mitigate activation of the Hz product. 
Rather than circulating steam through the blanket 
to remove heat, instead, it passes straight through 
the electrolyz ers, either in series or parallel flow, 
exiting as almost pure Hz. Heat is provided to the 
electrolyzers (and removed f rom :he blanket) by cir­
~uL'l.ti.ng Oz plus inert gas (e .g., He) from tne shell 
side of the electrolyzer. Oxygen would be separated 
from the inert gas at t he 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 (P..g,, ~bout lOi. 
l onger), with a separate shell side zone to transfer 
heat from the He blanket coolant to the steam-Hz 
mL~ture flowL•g inside the nonporous ZrOz HTE tube. 
A separation partition between the Oz shell side 
zone and the He shell side zone is required, with a 
flo wing gas sweep to prevent slight mL~ing of gases 
in the two zones. 

), ThermaL ?ower Lycle/~~ocess Design 

For the HTE process, only about 20% of total 
fusion energy needs to be extracted at the HTE pro­
cess conditions (s team at 1400°C), and i t seems 
likely that this should be easily achieved with the 
~~ I I blanket, even when deposit ion in the mul ti­
plier/breeder front modules is accounted for. How­
~ver, for an efficient power cycle, it is necessary 
to have a substantial amount of superheat energy at 
temperatures above 3oo•c. This requires an acdi­
tio~al 15% in the temperature range of Joo• to soo•c, 
and would be provided by steam :rom the main modules, 
which either could heat the power cycle steam i.n­
dlrecLly 1u a ~~eam-tu-steaw heat exc hanger, 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 ~l.l. 
This may or may not be possible, depending on module 
materials and design. If insufficient energy i s 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-temoerature zone blanket; b) 
superheated steam powe~ cycle; and c) STARFIRE re­
circulation. Preliminary studies and calculations 
indicate chat gross power cycle eff iciency in the 
40 to 45i. range appear achievable in HYFI~ using 
STARFIRE power recirculating parameters and P.e power 
requirements. Co rresponding F.z product ion 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 
fo r significant increase in power cycle efficiency. 
The turbine would have to operate above 12oo•p , 
though, which would ~ply advancement in turbine 
technology. 

6. Conclusions 

Based on HYFIRE studies to date, the following 
observations are made. a ) the ~~ !I blanket 
appears more attractive (single type of blanket in 

... 



r~cor chamber, potencial fo r high thermal effi­
ciency); J) attract ive trit ium breeders such as 
LiAlOz and liqu id lead with dissolved lithium have 
been identified; c) gros s power cycle efficienc i es 
in the 40 to 45% range ap pear achievable; and d) 
high Hz production efficiencies in the 50 to 55 % 
range appear achievable. 
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