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Surmary

The HYFIRE studies to date have investigated 3 oum-
Ser of tachnical approaches for uaing the thermal anergy
sroduced in a high-teoperature Tokamak blauket to pro-
vide the electrical and thermal energy required to drive
a high-tamperatures (>1000°C) water alectrolysis process.
Current emphasis is on two design points, cune consistent
with eleczrolyzer peak inlet temperacures of 1400°C,
which i3 an extrapoiation of presant experience, and
one consistent with a peak electrolyzer temperature of
1100°C. This latter condition is hasad on curreat labe
oratory experience with high-temperatute solid alectro-
lyte fuel cells. Qur major conclusion to data is that
the technical integratiom of fusion and high-cewperaturs
alectrolysis appears <o be feasible and that overall
hydrogen productinn 2fficiencies of 50 to 557 seem
possible.

Introduction

The ability of che high energy neutrons produced
by fusion reactions to deeply penetrate and deposit an=-
ergy io surrounding structures offers the prospect of
devaloping hizh temperaturss in suitable blankst mate-
rial, which would enhance the efficiency of thermal-to-
electrical power conversion as well as che utilization
of high temperature processes (>1000°C) for the produc-
tion of hydrogen.- The objective of che work deascribed
in this paper is to investigate the potential merits of
coupling a Tokamak fusion reactor with a high tampera-
ture blanket to a high-camperature electrolysis process.

Tn prior work,? the STARFIRE commercial Tokamak
fusion reacczor? was divectly used as the fusion driver.
This paper describes a new design obtained by scaling
tie Dasic STARFIRE desizn to permit tha achievement of
a blanket power of 6000 MW(th). The guidelines for the
curreat FYFIRE study are aessentially similar to chose
used in the development of the STARFIRE, refersnce
Tokamak reaczor design. The final HYFIRE plant embodi-
aent will represent the tenth of a kind firat genera~
tion plant. STARFIRE cechaology assumptions and design
features are used to the extent possible to permit con-
centratlon on high=temperature blanket and balance—of-
plant design issues. This approach will permit a direct
comparison witi the economics of a fusiom electric
alant.

In addiction %0 the requirement for cricium self~
sufficiency, ar important zround rule for this initial
serias of studies was that hydrogen would be the ounly
product produced for sale. Thus, the electrical genera-
cion equipment and the overall power conversion process
are sized t0 exactly provide the electrical anargy re-
quired to operate the Tokamek, electrolysis plaat, and
balance-of-olant systems., The possible operacional and
economic advantages of trading off electrical produc-
tion against hydrogen production is a subject for future
optimization studies.
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The Fusion Driver

Previous HYFIRE fusion high ~temperacure elactroly-
sis plant studies? uged the STARFIRE reactor design
directly. These studies indicaced significant advanc-
ages would be gained by going to somsvwhat larger device
design. The specific scale-~up criterion used was the
attainment of a blanket chermal power of 6000 MW(th),
vhile caintaining the reference STARFIRE oeutzen wall
loading of 3.6 Mi/m.

Key STARFIRE physics assumptions were retained in
the scale=-up process. These assumptions were: a) hot
ion-mode plasma operation with the preferential cooling
of alactrons; b) rf power for plasma heating and current
drive; c) steady~state operation; d) enhanced radiation
mode (high Zqfs) chrough the fnjection of fodine; amd
e) fueling by recycling and gas puffing. .

The COAST* Tokamak systems code was used to perform
the scalae-up computations in 2 self-coasisteac fashion,
using the above constraints and assumptions. This code
will subsequently be used to develop capital cost asti-
mates for the Tokamak system, again using component cost
models based on STARFIRE.

Table 1

Sunmary of HYFIRE and STARFIRE plasma parameters

Parameter (Uaits) STARFIRE HYFIRE
Major radius (m) 7.0 8.5
Minor radius (m) 1.9 2.36
Eleccron density (a) 1.17a0°9  1.12x10®
o or T deasity (a°) 0.40x10°%  0.36x10%°
zaff 3 3

Burn fraction Q.40 Q.33

T, fusling rate (g/h) 56 64
Electron kT (keV) 16.8 16.8

Tlon kT (keV?) 23.5 25.9
Confinemeu:,?i'e(s) 3.6 5.1
Caufznemen:,ti'i(s) 10.0 16.9
Canfinmcn:.fp(SJ 1.8 2.5

RF power (M) 0.5 120

2F frequancy (10° a7l 10.0 3.7
Plasma current (mA) 10.4 12.3
Plasme baeta, (%) 6.7 6.7
Field-on=axis (T) 5.85 3.74
Fusion powcr (MW) 3500 3300

Table 1 summarizes che baseline HYFIRE plasma
parameters obrained tarough the scale-up process and

compares them with aquivalent STARFIRE parameters. An
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izportant consequence of che scale-up is the relative
Lupzovesent in blanket surface area coverage. The over-
all incresse in torus surface area obtained in going
from a aajor radius of 7 @ to 8.5 m is proportionatsly
larger than the asscciatad increase in surface area
devoted to r# waveguide, vacuum pumping and limiter
interfaces.

The figh-Temperature Reactor 3lanket

The key tachnological development required for the
consideraticn of fusion as a heat source for hydrogen
production is a high-temperature blanket. The two-
temperature approach, first proposed by BNLS for mini-
mum activity blankets, provides for the deposition of
.the bulk of the neutron energy in a hot interior region
which is thermally insulaced from a cooler structuzal
shall. Heat i3 extractad at two differsnt terperature
lavels by two different coolant streams. This blanket
desizr approach is the key differance between the STAR~
FIRE and HYFIRE concepts, with the exception of rela-
tive size.

The HYFIRE blanket is required to provide highe
cemperature steam or the alectrolysis process, thermal
enargy for afficient generation of electricity to oper-
ate the plant, and to breed suificiont tritium to com-
pensace for burnup znd process losses. Two types of
blanket modules have been cesigned to zset these rs-
quirements, a scesm-cooled "HTE" module with a crici-~
um breeding zone and a He-cooled tritium breeding
"power"” module. The relacive aumbers of each type of
module is an important design variable which can be
adjusted to trade tritium production off against high-
temperature steam and electrical power production. In
eaach case, the first wall and blanket structural mate-
zial is PCA (Prime Candidate Alloy) stainless steal
as in STARFIRE; however, in HYY¥IRE, the stael shell is
cooled by pressurized water. The modules are arranged
along toroidal field lines since this minimizes dif-
ferences in overall blanket configuration and asscci-
atad maintenance procedures between STARFIRE and
HYFIRE.

The interior of the HIE steam modules, shown in
Fig. 1, consists of rods of Zr0; which are thermally
insulaced from the steel shell. Materisls compati-
bilicy zests® in steam and steam/hydrogen indicate
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Fig. 1 Steam-cooled blanket zodule.
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fig. 2 Helium=ccoled blankst zodule

that Zr0; is suitable for lonc=-cer2 service up o at
least 1500°C. As with all blanket materials ac this
time, the integrity of this znaterial with respect to
long=-tera irradiation by high enexgy neucrons is un-
certain.

The HTE module ucilizes a ralacively thin tritium
breeding layer outboard of the steam-cocled HIE zcae.
Consistent with the STARFIRE deeign, the tritium breed-
ing medium i{s LIAlO0;. The design employs at lLeast two
structural steel boundaries to minimize the potential
of tritium leaksge into the HIE steam aircuif.

The tritium breeding/power production module,
shown in Fig. 2 also employs a low-Cemperature ~wates-
cooled shell. The interior region s He-coolad and
contains ctvo distinct zonss. The inboard zome contains
a beryllium zultiplier as wall as Li1ALO;; the outboard
zone consists of SiC and LiAlQO;. Since igterior scruc-
tural macerials are ninimized, the blanket may operate
at relatively high temperatures, which promotes tritium
removal as well as - ificisnc powsr conversion. The
primary He steam (at 20 atm) exchanges heat with a
secondary H: pover conversion steam (at ~70 atm) in
small heat exchangers outboard of the blanket.

The Hizb-Temmerature Zlectrolvsis Process

In view of thermodynamic efficiency limics on thev-
nal-to-electrical power conversion cvecles, it is clearlr
desirable to operate water decomposition prucesses such
that the ratio of shermal energv Input =c electrical
energy input is maximized, consistant with practical
technological congtraints. The ratio of thermal-to-
alaccrical energy increases linearly with electzolysis
temperature. The successful developaent on 2 labora-
tory scale, of high-temperature fue. cells offers che
opportunity to consider the use of this techmology for
efficienc high-temperature electrolysis.

The 3olid oxide slectrolyce fuel cell technology,
developed by Westinghouse, has been tested satisiactor-
ily for thousands of hours at operating temperatures of
1000°C. 3y operaring in reverse, with dc power 2ppiied,
thesa cells have the poteacial Zor very nigh fusisn o
hydrogen enersy conversion a:fficiencies.

The >asic electrolyzer cell stack configuration Iz
shown in Fiz. 3. A succession of thils elactrode layers
of suitably doped ceramics are depositad on a thick-
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Fig. 3. Seczional view of the high-temperature alectro-

lyzer cell stack based on the Wastinghouse
solid electrolyce fuel cell.

wvalled porous ceramic tube of ytiria-stabilized zirconis
Thase thin layers comprise the hydrogen electrode, the
electrolyte (ycoria-stabilized zirconia) that permits
ion transport (buc noc free alectron :Iransport), the
oxygen alectTode, and -he interconnection layer Setween
cells. The electrodes are alectrically connected in
series along each tube to minimize IZR lossyes.

Arrays of electrolyzer tubes connected in parallael
within a large pressure vessel comprisaan HTE process
module.?® The dilameter of the vessal is of the order af
4 m and the length 1is about 7 m, The central planum re-
ceives che high~cemperaturs steam generated in the HTE
zodules. The steam flows chrough the centaer of each
electrolyzer tube and the exit steam consists of a lows=
r emparature steam and hydrogen mixcuce which 1s col-
lected in adjacent plenums.

Zither highe or low=fractional conversion of steam
is possible, which has 3 bearing oa the degree of re-
eycling of the By/Hz0 exit streams back through the
blankec syscem for reheat. The selscted approach pro-
vides Sor the eleccrolysis of only apout 102 of the
steam during its transit through the electrolyzer to
kaep the electrolyzer cemperature at a high average
value. .
An important issue in the application of the solid
oxide electrolyte technology is the suitability of elec-
trolyzer operation at peak inlet temperatures of 1000°
to 1100°C, which is consistent with present exparisnce,
versus operation ac “1400°C which will yield improved
cycle efiiciency at the expense of davelopment zisk. As
a cousequence, two point designs are being pursued. The
first design, nearing completion, is directed at the
nigh-temperature regime of blanket and a2lectrolyzer
operacion. During the aext twelve monchs, emphasis «will
be placed on the lower cemperature design point.

Fusion-#igh Temperature EZlectzolvsis Svstem

A compiete process flowsheet, shown in Fiz. 4, has
teen developed for the system coupling the high-temper-
ature blanket <o the high-temperature electrolysis and
alectrical powar gemeration subsystems, and material
flow and 2nergy balances accomplished through the devel-
opment of a digital computer code o Teprasent the over-
all cycle.

The ovaerail planz can be thought of as having four
principle process circuits; a) the low temperacure
water loop which extraccs heat from the front wall of
the blanket elements; bY) che nelium loop; <) che steam-
hydrogen loop which provides the dual function of alec-

riticy generation and aydrogen production; and d) the
waste oxygen circuit. The staam~-hydrogen loop is by
far the nost involved.
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Fig, 4 HTE cell desiga (Westinghouse fuel cell)}.

If the conversion of steam of hydrogen in tha high
temperature electrolyzars is to bs limited zo 10% (to
ainimize alectrical requirements), steps must be taken
to separate the product hydrogen from the waste steam.
One way to accomplish this separation is to cool the
process stream and condense out the water. A product
hydrogen stream in excess of 997 purity can be achieved
in this vay, based on recouperative heat exchanga at
the high-temparature end of the process and normal
cooling tower water 2t zhe low-teaperature end of the
process.

Table 2 summarizes key cycle parameters associatad
with the high~temperature design poiant. These param=
etars are not final, and are subjecs to minor iteration.

Table 2

Summary of HYFIRE plant parametars

Gross blanket thermal power, MW(th) 6000 blanker
Steam exit temperature, °C 1420 blanket
Helium exit temperature 800 high
Prassure turbine inlet temperature, °C 621 hign
Pressure turbine inlet pressure, MPa 7.59 low
Pressyre turbine inlet tempera:ure, °C 533 lLow
Pressure turbine inlet pressure, MPa 3.43 total
Electrical power to electrolyzers, W(e) 1540 total
Thermal power to electrolyzers, MW(ch) 906
Production Mt/day 1702

kg/hx 70,909
Fusion power to hydrogen conversion
efficiency, % 30

Summary and Conclusions

The HYFI3% studles to date have investizaced 3 num=-
ber of technicil approaches for using the thermal enmer-
2y produced in a high«temperature Tokamak blanker zo
provide che electrical and thermal energy requirad so
drive a high-temperature watar electrolysis procass. Cur-~
rant emphasis is on two design poincs, one coasiscent
with eleczrolyzer peak inlac temperatures of 1400°C,
which 1s an extrapolation of present experiance, and one
consisten: with a peak e2lactrolyzer tamperature of
1100°C, This lLatter condition is “ased on current lab-
oratory experiaence with high-cemperacure solid eiec:zzo-
lvte fuel cells.

The Tokamak driver for HYFIRE is based on the STAR=
FIRE reference commercial fusion power plant desizn. A
rveference bianket design has been selected, incorporac-
ing modulas designed to produce high-temperature steam



and zodules designed to breed tritium and provide pro-
cess heat. Aa initial process design and plane lay-
out has been completead; componant cost and plant aco-
aomics studies are now underway to develop estimates
of hydrogen production coats and to deterniine the
senaitivity of this cost to changes in major design
parametars. Our major conclusion to data 1s that the
technical integration of fusion and high~temperature
elactrolysis appears to be feasible and that overall
hydrogen production efficiencies of 50 to 55% seem
possible.
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