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ABSTRACT

Brookbaven Natiomal Laboratory (BNL) is carrying out a comprehensive con-
ceptual 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 application. The
HYFIRE blanket must perform three functions: a) provide high-temperature
(v1400°C) process steam at moderate pressures {in the range of 10 teo 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 encugh tritium to sustain the D-T fuel cycle. 1In
addition to thermal energy for the deiomposition of steam into its constituents,
Hy and Oz, electrical input is required. Fourteen hundred degree steam coupled
with 40%Z power cycle efficiency results in a process efficiency (conversion of
fusion energy to hydrogen chemical energy) of 50%.

1. INTRODUCTION

Brookhaven National Laboratory is carrying out a comprehensive conceptual
design study called HYFIRE of a commercial fusfon Tokamak reactor, high-temper-
ature electrolysis (HTE) system. The purpose of the study is to provide a
mechanism 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 [l], the primary difference re-
siding in the type of blanket between the two reactors as well as power cycle
design. In addition to exploring a range of blanket and power cycle options to
determine those best suited for Hz preduction, the study 1s placing particular
emphasis on the sdaptability of a Tokamak power reactor to a synfuel

application.

PDetails of the STARFIRE reactor study are documented in ref., 2. The key
tecknical objective of the STARFIRE study has been to develop an attractive em-
bodiment of the Tokamak as a commercial power reactor consistent with credible
engineering solutions tc design problems. This same philosophy is carried over
to the HYFIRE study with an eye towards assessing what major changes are
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FUSLION AZACTOR-N1GHM TEMPERATURE ELECTROLYSIS SYSTEM (FR-HTES)

Fig. 2.

All superconducting equilibrium field coils are located outside the 12
toroidal-field coils and four small segmented copper coils are located iznside
for plasma stability control. The shield provides neutron- and garma-ray at-
tenuation and serves as the primary vacuum boundary for the plasma. Iwelwe
shield access doors are provided to permit removal of 24 teroidal »lanket sec-
tions. Twelve electroiyzer units and associated heat exchangers are housed in
a building circumferentially surrounding the reactor. 1In additior, the power

generating units are shcwn.

Steady-state operation of the Tokamak is assumed. As the STARFIRE study
indicates, and which is equally applicable to HYFIRE, there are a number of
technological and engineering benefits for a commercial reactor that would te
derived from steady-state operation. Among these are (1) component and systea
reliability is increased; (2) material fatigue is eliminated as a serious con-
cern; (3) higher neutron wall load 1s acceptable; (4) thermal energy storage
is not required; (5) the need focr an intermediate coolant loop is reduced; (6)
electrical energy storage is significantly reduced or eliminated; and (7) ana
olmic heating solenoid is not needed, and external placement of the equilibri-
um~-field coils is simplified. It has been estimated that the combined 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 avail-
abilities (fraction of the time the planc 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 pec ysar. Reliability require-
ments for a synfuel plant will be less demanding, though, since the product can
readily be stured off-line. Fluctuations in plant output can thus be readily
smoothed out by using availsble storage to meet demand requirements 1f the
plant shuts down. While high-capital cost reactors will have to have high
plant factors for economic reasons, they could be allowed to shut down unexpect-
edly fairly often for short periods (i.e., to start up the plasas), if they
were not connected to an electrical grid.
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3. HIGAE TEMPERATURE ELECTROLYSIS PROCESS DESIGN

Twe HTE process aptions have been identified during the scoping design
study. 1In the first case, high-fractional ccnversion of steam to hydrogen (~90%
Hy, at the exit of the last HTE) is considered, Figure 3. Transport of thermal
energy to the electrolyzers is either through a direct or indirect process, as
well as variations on these processes. In the direct process, steam/H; is re-
cycled through the blanket to the electrolyzers in series. For the indirect
process electrolyzers are heated in the entrance section by recycled steam from
the blanket.

In the second case, low-fractional conversion of steam to hydrogen (~10%
Hz at the exit of the HTE) 1is considered, Figure 4. Transport of thermal energy:
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to the electrolyzers is again either a direct or indirect process. In the
direct process, process steam from the blanket passes through one or two elec-
trolyzers in series but with no recycle through the blanket. The indirect
process is similar to that in high-fractional conversion.

The choice of either HIE process option and transport taermal enerzy to -
the electrolyzer is significant for it impacts not only the plumbing but also
the coupling to the power cycle and mode of final hydrogen extraction. This
will be discussed in more detail in later sections.

4, BLANKET DESIGN

The HYFIRE blanket must perforrm three finctions: a)} provide high-tempera-

ture (>1000°C) process steam at moderate pressures (in the range of 10 to 30
atm) to the high-temperature electrolysis units; b) provide high-temperature
(~700° to 800°C) heat to a thermal power cycle for generazion of electricity

to the HTE units; and c) breed enough tritium to sustain the D-T fuel cycle.
The dual requirements, generation of high~-temperature process steam from the
HTE's and high-temperature heat for the thermal power cycle, differentiates

the HYFIRE and STARFIRE blanket system.

Setting the requirements that the global dreeding ratio equal 1.1 to allow
for doubling time raquirements, perturbations, etc., for HYFIRE places a prom-
ium on space, i.e., it will probably be necessary to breed tritium in rej;ions
of the process steam blanket modules. Tritium from the power cycle part of
the blanket nmust make up the tritium deficiency.

The two-temperature-zone blanket [3] approach is mandatory for the process
steam porticn of the energy supply. The oodules will have relatively cocol
shells (+300°C) with thermal insulation between the sheil and the high-temper-
arure (v1400°C) interior. The two-temperature design concept is also carried -
over for the power cycle modules. As in STARFIRE, the first wail/blanket struc-_
ture or shell is PCA stainless steel.

Three blanket options are under way for HYFIRE. Each option has a HIE
steam module region and a power cycle module region with tritium breeding in
each region. Tritium breeding is to he accomplished with solid breeders, znd
tritium inventory in the blanket should be minimized. A possible problem with
tritium holdup in Li,0O has been raised by the STARFIRE study. This can be
circumvented either by using neutron multipliers (Be, Pb) and a sclid breeder
(either Li,0 or LiAl0j), by scavenging with D, or H, in the He purge circuit,
or by using a liquid breeder materiai (e.g., PbBiLi mixture). Tritium will be
released to He purge streams, and not to the main circuit. Module arrangement
along toroidal field lines, as in STARFIRE, is preferred, since this minimizes
differences in maintenance procedures between HYFIRE and STARFIRE. The inboard
blanket-shield region will probably be used for HIE steam xodules, with a thin
secondary zone behind for tritium breeding.

For the HIE modules refractory oxides, e.g., Zr0; or Al;03, from the high-

temperature region of the blanket must be stable under exposure to the steam

or steam/hydrogen process stream under radiation and thermal cycling condi-
tions, although the latter may be mitigrated due to the steady-state perform~
ance by HYFIRE. Such materials will £fill the interior of the blanket as solid
rods or balls, and will also be used as a low-density solic block or- fibrous
thermal insulation between the high-temperature interior and the structural
shell. Materials compatibility tests [4] in steam and steam/hvdrogen indicate
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that Zr0, and Al;0: are suitable for long-term service up to ~1500°C (the
present testing limit at BNL). Tests with SiC and Mg0 indicate these materials

are restricted to somewhat lower temperatures.

Representative process (HTE) and power/tritium blanket modules are snowmn
in Figures 5a and 5b. All of the larger modules (~40 to 50 cam diameter; are
of the two-temperature type with steam cooling of the hot interior for HTE
modules, primary He cooling (%20 atm) of the hot interior for tritium breeding -
modules with heat exchange to a secondary He (70 atm) stream in small heat ex-_
changers directly behind the blanket and water cooling of the module shells. _

Representative tritium breeding ratios for the three blanket options are
shown in Table T. All options are viable from the standpoint of neutronics
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TABLE I

Representative Tritium Breeding Results

MARK T MARK III MARK TI
Breeding Breeding
blanket blanket

1.2 to 1.6 1.0 to 1.5 1.1 o 1.3

HTE breeding HTE blanket
.3 to .5 (no .3 %o .5 {no
front breeding) front breedinz)

and thermal hydraulics. There is not adequate energy deposition im the hot
blanker ‘nterior for the HTE's and power cycle in MARK II. MARK I is a pre-
ferred dusign since tritium is radiocactively isolated from the =ain He ccclant
stream, stress on the module structure is low due to low primary cocolant pre-
sure, and no leakage of steam from the steam zenerator into the blanker is
possible because of the intermedi::t~ He-to-He heat exchanger.

5. HIGH-TEMPERATURE ELECTROLYSIS PRCCZSS

The electzochemical decomposition of water into hvdrogen znd oxyzen is aa
endothermic reaction requiring both heat and electricity. The efficiemcy oI
producticn of electricity from fusion reactor heat is limited bv the Carnot re-
lationship and various irreversibilities in the power cycle. With conventional
steam power cycles, electrical generation efficiency will be on the order of
40%. Since the heat input comporent for water decomposition is used directly
at essentially 100Z efficiency, there is a definite advantage to make the ratic’
of the direct heat input "> the electrical energy input as i1 .3e as possible.
At a temperature, T, the input thiermal energy eguals TaS, where 35S is the
entropy change for the reaction. The electrical energy input equals the Gibb's
free energy change, AF, for the reaction, and the sum of these energy changes

equals the reaction enthalpy, AH.

As temperature increases the reaction enthalpy remiins cvirtually constant.
The Gibb's free energy or electrical energy input, however, decreases with in-
creasing temperature and the thermal enerzy input, TAS, increases. 7The ratio
of thermal energy (T25) to electrical energy (2F) increases with electrolvsis
temperature; this results in higher process efficiency so that zore hvdrogen
production can be generated for a given fusion energvy input. Tor HYFIRE,
the design temperature of interest is 1400°C.

The heat input, TAS, absorbed by the HIE cells during electrolwysis is sup-’
plied from the sensible heat content of the process streams. For practical
electrolyzer designs, the steam/H; streaa will cool by 100° ro 200°C as it
proceads through the electrolyzer.

A schematic of the Westinghouse fuel cell is shown in Figure 6. This de-
sign also serves as the basis for the high-temperature electrolyzer since an
electrolyzer is a fuel cell in reverse. High-teaperature electrolysis uses
arrays of tubes cf relatively small diameter (vl ea), thick-walled porous
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caramic (e.g., stabilized Zr0;) on which a succession of thin electrode layers
of suitably-doped ceramics are deposited. The H; and 0, cera=zic electrodes are
separated by a thin (several mils) electrolwyte layer of vrrriz-stabilized 2r0;.
Electrodes are electrically connected in series along each tube to zinimize IR
losses. A large number (~10%) of electrolyzer tubes are then connected in
parallel in a large pressure vessel. Typical steam pressures in a high-temper- ~
- ature electrolyzer are on the order of 10 to 20 atm.

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
into the HTE electrolyzer. The steam is cooled as it passes through the elec-
trolyzer by the endothermic electrolysis process. In order to keep the elec-
trolyzer temperature at a high average valus, it is nrecessary to electrolyze
only a small frzction (v10%) of the steam during its passage and return the
steam~-Hy mixtura for reheat to another section of thk blanket. The optimum
aumber of series of reheats and electrolyzers depend con 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 aumbers.

This type of electrolysis process arrangeaent is characterized by: 1.
Steam-H, mixtures flow through the blanket, with the Hy/steam ratio varving
from 0 for the first electrolyzers to “v10/1 at the exit of the electrolyzer
string. The refractory in the hot blanket interior must thus withstand
steam/H; mixtures at temperatures of Vv1400°C, and 2. Radiocactive isotopes
picked up by the steam-H; stream will go along with the B; product, necessgit-
ating cleanup by filtration or absorption (2.g., in ion exchange resins).

Other types of HTE process arrangements are possible to aitigate activa-
tion of the H; product. Rather than circulating steam through the blankat to
resove heat, instead, it passes straight through the electrolyzers, either in




series oz parallel flow, exiting as almost pure H,. Heat is provided to the
electrolyzers (and vemived from the blanket) by circulating 0; plus inert zas
(e.g., He) from the s.:ll side of the electrolyzer. Oxygen would be separated
from 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 i10Z longer), with a separate shell-side zone to transier
heat from the He blanket coolant to the steam-H, mixture flowing inside the
nonporous 2rQ0; HIE tube. A separation partition between the Q. shell-side
zone and the He shell-side zone is required, with a flowing zas sweep o pre-
vent slight mixing of gases in the two zcnes.

5.1 Hydrogen Recovery

If the conversion of steam to hydrogen in the high-temperature electrolv-
zers is to be limited to 10% (to minimize electrical requirements) steps nust
be taken to separate the product hydrogen from the waste steam. One way to
accomplish this separation is to cool the process stream and ccndense out th
water. A product hydrogen stream in excess of 997 purity can be achieved in
this way based on recouperative heat exchange at the nigh-temperature end of
the process and normal cooling tower water at the low-temperature end cf the

process.

Since the zonversion per pass is so low, the recycle ratic is quite nizk,
i.e., it rtakes 10 passes through the HTE system before a mole of steam is co=-
pletely converted to hydrogen, and since that steam must be brought up to pro-
cess conditions then completely condensed in each pass through the systez, =uch
attention must be paid to energy conservation if the process is to be a -riable
one. Ona way to conserve energy would be to use the high-temperature steaxm
leaving the HTE system to drive a turbine thereby producing electricity which
can be recycled to the process. In this scheme, the process stream leaving

the BTE would first be cooled recouperatively to about 538°C, a temperature
compatible with steam turbine blade materials. It would then pass through the
turbine (which would not have any extraction streams) exiting at about 1.3

psia and approximately saturated. Based on a turbine efficiency of 815, 12 xWh
of electricity can be recovered per lb-mole of hydrogen. Only about 70% of -
the steam can be condensed out of this stream using cjoling tower water. The
resulting low pressure wet hydrogen steam must be compressed to some suizable
product discharge pressure (the actual pressure will depend on the end use in-
tended for the hydrogen). This compression would be done in several stagzes
with intercooling between stages. Each intercooler will remove some of the
remaining water vapor thus making a product stream of 98 to 993 dry hydrogen
possible. 3ased on assumed compressor efficiencies of 80F and a final dis-
chazge pressure slightly above 1 atm, approximately 3 kWh of compressor work
are required leaving a net of about 16 kWh/mole of hydrogen product. It should
be noted that the above is based on a reasonablzs selection of prccess param-

eters with virtually no effort as yet to optimize these process conditions.

[N
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6. BLANKET/POWER CYCLE/PROCESS COUPLING

Depending on whether steam is directly transported to the electroivzer or ~
an intermediate heat exchanger is introduced bdetwecn the electrolvzer and blan-
ket, or whether only a small fraction (~102) of the steam is converted :o hv-
drogen in a single pass and extracted or a string of electrolyzars are placed
ir series, coupling between the blanket, electrolyzer and power cycle can be




quite different. Each case must be analyzed separately.

As an example of a directly heated electrolyzer, the blanket (already
discussed) has three distinctly different heat generation zones, each with its
own process fluid and with different process parameters.

Cne zone which involves the front wall of all modules operates at the
relatively modest temperature of 320°C and is kept cool by the circulation of
high pressure (1200 to 2000 5si) water. The heat generation in this zone is
about 43.5% of the total reactor heat cutput which amounts to 1740 i(chj.
The pressurized watar coclant from this zone is circulated through a steaa
generater in which 10C0 psia saturated steam is generated on the secondary

side.

Another zone, which will lie benind the front wall of about 50% of all
blanket modules, is optimizad for tritium breeding. This zone will operace at
800°C and is cocled by pressurized (70 atm) He gas which will be used to super-
heat tne steam referred to above. The heat generated in this zone is about
35% of the total reactor heat output which amounts to 1400 M4(zh).

The third and final zone, which will lie behind the front wall of the re-
=maining 50% of all blanzet modules, is desigrned with the needs of the high-
temperature electrolvzers in mind. This zone will operate in extess of 1400°C
and serves to resuperheat relatively low pressure {10 atm) steam to 1l400°C Ge-
fcre it geoes on to the alectrolrzers. The heat generation in this zone is
21.3% of the total reactor hea:t output which amounts zo €60 MW(th).

Locking at the steam circuit, make-up water is added to recvcle water and
together rthey enter a steam boiler not unlike that of a PWR-type fission re-
actor. The 1000 psia saturated steam produced is superheated 2o about 760°C,
by means of the hot helium mentioned above, at which condition it enters the
high-pressure steam turbine, exiting at 10 atm and about 482°C at which condi-
tions it enters the third zone of the blanket mentioned above. It leaves the -
blanket at 1400°C and goes directly to the high-temperature electrolvzers
where ~10% is converted to hydrogen and oxygen. The oxygen is wasted after -
passing through heat exchangars to recover its heat content. The hydrogea to-
gether with the unreacted steanm is passed on to the hydrogen recovery portion
of the flow sheet which is described in Section 4.

Preliminary studies and calculations indicate that gross power cvcle ef- -
ficiency in the 40 to 45% range appear achievable in HYFIRE using STARFIRE
power recirculating parameters and He power requirements. Corresponding >
production efficiency (total fusion energy to the chemical energy of the hydro--

- o

gen produced) is in the 50 to 55X range with the potential of reaching 650%. -

—

6.  CONCLUSIONS

Based on HYFIRE studies cto date. the following observations are aade:
a) the MABKX I blanket appears more attractive (simultaneously aeets global -
tritium breeding requireaencts and required energy splits between process steaa
and helfum, potential high-therasl efficiency); b) attractive tritium breeders
such as LiAlOs and liquid lead with dissolved lithium have been identified;
c) gross pcwer cycle efficiencies in the 40 to 45X range appear achievable;
and d) high H; production efficiencies in the 50 to 55X range appear

achievable.
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