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SYNFUEL (HYDROGEN) PRODUCTION FROM FUSION POWER

R. A. Krakowski, K. E. Cox, J. H. Pendergrass, L. A. Booth

Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico 87545

ABSTRACT

A potential use of fusion enargy for the pro-
duction of aynthetic fuel (hydrogen) is described.
The hybrid-thermochemical bismuth~sulfate cycle is
usea as a vehicle to assese the techaological and
economic merits of this potential nonelectric
application of fusion power.

POTENTIAL NONELECTRIC APPLICATIONS OF FUSION POWER
have only recently been subjected to quantification
by systems stucies. Although fusion energy 1is
furthest from practical and economic utilization
compared to the other "inerhaustible” energy sources
(fispion, aolar), studies and projectinns of
magnetic, 1inertial and wmagneto-inertial fusion
schemes for electric-power production have been
performed at a significant level-of-effo:t since the
early 1970°s. Careful examination of energy
resources, vectors, and end-uses projected for the
mid-twentieth century, however, has led to
preliminary consideration of nonelectric fuaion
applications. The energ{ end-use pattern that
describes US consumption” 1is depicted in Table I.
Although the present 75X nonelectric consumption
(now provided by hydrocarbon fuels) may diminish
somewhat in the next century, this fraction 18
expected to remain high; for reasons of cost and/or
technological feasibility, electricity simply cannot
satisfy these nonelectric needs. If a serious
mismatch between energy production capacities and
ultilization requirements 18 to be avoided, it seems
prudeni. to consider nonelectric roles of fusion
power, given that future sclentific and
technological progresa 1is sufficient to permit
ultilization of fusion as a major energy source.

TABLE I. PRESENT PATTERN OF FND-USE ENERGY
CONSUMPTION IN THE UNITED STATES

Percentage
End Une __ _of Total _
Flectric Power
Industrial 14
Renidential and Commercial 8
Other 2
Total Flectrie 24
Foasil Fuels
Transpurtation 24
Reaidentlal aud Commercial Heating 20
lLow=Temperature Proceas Heat [
High~Temperature Process Heat 9
Converstion to Uther Fuels 7
Nonenergy Uses 5
Nther 1
Toral Foamil Fuels _In
100

For this reason nonelectric or hybrid applications
of fusion energy are considere an essential
ingredient in the US fuaion program.

Examples of alternative fusion applicarions
that have been asubjncted to preliminary examination
include:

® hlgh-temperatgrz fixation of nitrogen in air to
form ammonia.”’

® production of syn:hetgc natural gas (SNG) and
liquid fuels from coal. »6

® thermal splitting of carbon dioxide.’

® hydrogen production by water Splltting using
high-tempaerature_  electrolysis or thermo~
chemical cycles.

® supply of process heat for less specific
applications.

Since a sustained thermonuclear reaction of
deuterium and tritium (DT), to yield a 3.5-MaV alpha
particle and a l4.1-MeV neutron, has not yat been
controllably demonstrated to an extent required for
an engilneering energy breakeven, studies of
nonelectric applications are generally based on
highly conceptual reactor designs. Apart from the
unique potential for producing large ard potentially
economic quantities of fissile ise for use in a
fiesion burner/convertor reactors -° 1 o fusion
energy source, &d a producer of synthetic fuels
(hydrogen, SNG, C0), chemical feedatocks (NH4), or
process heat, exhibits the following characteristics
and possible advantages relative to other energy
sources:

® 80X of the primary fusion energy is released »r
14.1-MeV neutrons, which can be deposited as
thermal energy in a relatively thin region

(€1 m) that is removed from the fusion source

(L.e., a ~ 10-keV plasma).

® The primary fuel source (deuterium and lithium)
is abuniant.
® The DT plasma represents a strong nsource of

electromagnetic  radiation (~ 10-keV, ~ 1-A

wavelength) and charged particles (~ 0-10 keV

DT iona, 0-3.5.Me' alpha particles), in

addition to the l4.1-heV neutrons.

Although direct radiolysis has bfin examined as
i means to produce synthetic Euels, moat atudies
prrformed to date have condidered nnly the genera-
tion of high=~temperature heat In a blankec that
surrounds the DT reaction chamber. Furthermore,
hecause of neutron-induced radioactivity, direct
nuclear heating of a chemical process stresm,
although offering aignificant thermodynamic and

economte  benetits, has yet to be neriously
considered. Consequently, most studies have ({n
« Ommon the destinn of high~temporature

tritium=hreocding (f.e., Lithlum containing) bhlankets
that are heated primarily by the cnergetic fusion
neutrond; the fuslon energy 1w delivered to an



external chemical or electrochtemical process by a
high-temper-ture coolant or process-heat stream.
Aside from the uniqueness of fuel supply, therefore,
the major advantage perceived for fusion power that
has rec -ived preliminary but quantitative
examination is the potential to operate high-
temperature blankets and therein generate process
heat for use 1in an ex-reactor chemical process.
This  somewhat  "conventional" approach also
characterizes the studies which have so far examined
the applicability of fusion power to the thermo-
chemical or electrochemical splitting of water for
generating hydrogen synfual.

THERMOCHEMICAL HYDROGEN CYCLT

Hydrogen as a gaseous fuel supply can be manu-
factured using a variety of thermal energy sources,
and, given the abundant resource (water), an
inexhaustible and clean supply c{ thermal energy
(breeder-fission, fustion-fission, solar, fusion)
would result in a limitless and clean fuel supply.
In addition to the well-known arguments made for a
"hydrogen economy" (nonpolluting, transportabla,
easily atored, substitutable etc.), hydrogen 13 a
valuable chemical commodity used in the production
of ammonia and methanol and for ore reduction. For
these reasons the applicability of fusion poweg 50
the generation of hydrogen has been exauined.”’
The  production of hydrogen from water can be
accomplished by direct thermal decomposition, elec-
trolysis, thermochemical decomposition, or
combinations thereof. Since the formation of water
is characterized by a high enthalpy and free-energy
of formation (-286 and -237 kJ/mol, respectively) a
direct, one-step decomposition appears commercfially
impractical because of the unrealistically high tem~
perature and low presure required. The direct,
ambient-temperature electrolysis of water occurg
with an overall efficiency equal to the thermal~to-
electric conversion efficiency reduced by the
electrolyzer efficiency and, therefore, is
ergonically unattractive. Consequently, only the
direct, but hiph-temperature, electrolysis (HTE) ov
the thermochemical decomposition (TCD) of water can
potentially lead to (increased thermal-conversion
efficiencies. The potential for using fusion energry
to drév?3 a HTE process 1is being considered else-
where, " and the TCD approach {s described here.
The aingle most attractive feature of TCD 18 rhe
reduction or elimination of electrical power genera-
tion and the potential for 1ncr§uT§d thermsl effi-
ciency (>50%). The HTE approach, ? on the other
hand, would operate a direct electrolyser at
elevated, temperature and at a reduced free energy
(and voltage), thereby achieving an {increased
thermal efficiency. For both HTE and TCD the inter-
relationship and trade~off between increased thermal
efficiency and (increared) capital/operating costs
remains an {mportant and unresolved {ssue.

The status of TCD prCT?HES for hydrogen pro-
duction has been reviewed, ' and Table 1T lists
the TCD cycles that are under active resear-h and/o
development. In selecting a specific TCD or  thi.
study, the following practical isaues were
addressed:

Chemligtry
® avaflability of accurate thermodyunamic data
® avr.lability of accurate kinetic data
® losgges of intermediate compounds
® competing side reactions
Englneering
® matching of thermal cnergy souree  to  the TCD
cycle

TABLE II

THERMOCHEMICAL CYCLES UNDER ACTIVE RESEARCH
AND DEVELOPMENT

CGNTINUOUS=-CIRCUIT, BENCH-SCALE TESTS:
® Hybrtd Sulfuric Acid Cycle (Westinghouse Electric
vorpo:ation).
® Sulfuric Aclc - Hydrogen Iodide Cycle (General
Atomic Corporation).
® Hybrid Sulfuric Acid - Hydrogen Bromide Cycle
(Euratom (Mark 13)).

ALTERNATE CYCLES UNDER RESEARCH:

® Bismuth Sulfate - Sulfuric Acid Cycle (Los Alamcs
Scientific Laboratory).

® Magnesium=-Yodine Cycle (Natirnal Chemical
Laboratory for Industry, Japan).

® Copper Sulfate Cycle (Institute of Gas
Technology, USA).

® Potassium Iodide - Ammonia Cycle
National Laboratoryj.

@ Barium Hydroxide - Copper Cycle {Oak Ridge
National Laboratory).

® 7.nc Selenide Cycle
.abor .:ory).

® Calciurt Bromide ~ Iron Oxide Cycles (University
of Tokyo, Japaun).

(Argonne

(l.awrence Livermore

® developmen: of
processes
® minimization of heat-exchange areas
® high~temoerature, corrosive materials environ-
ment
® materials
operaticns).
Available 1information on the few TCD cycles
;onsidered to date 13 inadequate to satisfy or ton
resolve these issues. Because »f ongoing experi-
men-al support at LASL and the existence of g weak
but developing and valuable data base, >*'’ the
bismuth=-sultate ‘'hybrid" (i.e., a thermochemical
cycle that operates with a low~tenperature electrol-
ysis step) TCD cycle was selected for study. Table
It describes the attractions and problems
agsociated with this cycle.

The wuse of S0,/H,50, 1n the electrolyzer to
reduce electrical power consumption by a factor of
2-3, 1{n accordance with the first reaction depicted
in Table I1I, anpears ir certain hybrid TCD cycles.
Stvlfuric acid 8 wulso generated, although by a
different reaction, in "puie" thermochemical cycles
such as the sulfuric-acid/iodine cycle under
dev:lopment at the General Atomic Corporation (Table
IT). In order to resolve problems of 50, recovery
(1L.e., 1,50, handling, evaporatfon and decomposi-
tion), a metal (btsmuth) oxide or sub-gsulfate would
be added to the acid anolyte, and a metal sulfate
wnuld be prectipitated from the acid solution. The
bismuth sulfates so formed would he dried ana
thermally decomposed by the fusion-generated energy,
according to the (step 3) reaction sequence depfceted
on Table ITI. To addition to possessing a desirable
chemical reactivity, (t.c., short reaction times and
gmall chemical reactors) bismuth sulfate was
selected hecause  the  absence of  hydrates, which
wonld lead to  an undestrable ard ditflcult dryiug
gtep.  The S0, evolved from the saltate de omposi-
tion ateps would he thermally reduced to SO, using

he thermal power from the fust dr{vo?; the
901/502/03 mirture would, {n ftact serve as the
voimary  heat-exchange  med{um that powers the
bisnuth=sultate decnmpuaers.f The high acid concen~
tration (%2.7 wth) required to

high-temperature separation

handling costs (capital and

regenetrite the



TAELE III
HYBRID BISMUTH SULFATE THERMOCHEMICAL CYCLE

® Three Step Cycle:

l) S0,(g) + 2H 20(2) + Hy50,(s0l) + Hy(g) 350 K (Electrolysis)
%0 (Sol) + 1/3 Bi 0 (s) +1/3 8120 '350 + H,0( %) 350 K

3) ) 3 B1203-3903(s) 17381,04(2) + 30(g) + 172, () 900-1250 K

® Data on Step 3 T(X) AH(kJ/mol) Time(m)
31203'3S03(s) > 81203'250 (s) + S0,(g) 876 161 1.5
51203'2503(5) A B1203'503?s) + SO ?g) 973(?) 167(?) 3.0
Bi,04°504(s) * Bi1,042/3504(s) + 1/3504(g) 1223 ? 10(+)
B1503+2/3503(s,2) + 14504 (2) + 2/3504(%) 1253 ? ?
$03(g) *+ SO, + 1/20,(g) 960-1500  96.3 rapid

® Attractions
- Replace aci? drying with (insoluble) metal sulfate precipitation
- H, produced in a pure sta-e
- Metal sulfate does not forn hydrates (e.g., Cu and Al form hydrates)
~ Acid handling occurs at low-to-moderate temperatures
- Electrolysis occurs at low icid concentrations (lower voltage, higher efficiency)
- Possible use of chemical heit-pipe effect for S04 » S0y + 1/205 reaction
® Crucial Issues:
- Large volume of solids handling
~ Decomposition chemistry not fully resolved
- Rraction rates and heat transfer in Bi,0., xS0, deccomposcre must be rapid to minimize size
~ Recuperation of latent heat from drying of solids
- Low-voltage electrolyzer must be demonstrated under production conditions

sulfate represents a disadvan:age 1in that high
electrolytic voltages (> 0.6 V) result. T ! ! T T 1
Furtherzore, if the Bi,04+350, is reduced completely

to the oxide (melting polut ~ 377 K), a molten oxide T
and a complicated handling problem is incurred. If E[‘ECOT;ggxg&'ggﬁrcgfeeéigxce TEQF\‘/")J/M’
the sgulfate reduction is allowed to proceed only to L\ ' OLD DESIGN POINT (7) =41 %) C

[»y]
(]

PROCESS HEAT MAXIMUM TEMP , Tg“(r()

the 81203°2/3SO (Table I1I), a liquid phase does
not form below 1253 K. In 2ddition, the endothermic
energy required to remove one mol of 503 from the
sulfate was assumed to equal tg one-third «f the
measured full-decomposition energy’ (250 kJ/mol Hz);
rvecent experimental evidence suggests the removal of
the first two mols of SO3 from BijJz+3507 proceeds
with a reduced heat of .-action (167 kJ/mol per
503), and operation with a partial sulfate decom-
position would result in increased cycle efficicney
because of the reduced endothermal heat requirement.
Furthermore, a reduced acld concentration in 20 L 1 L . L 1

principle may lead to decreased electrolYglc volt- 1200 1300 1400 1500 1600 1700 1800 Ti(K)

ages and 1increased thermal efficiency'”; experi- 02 03 04 05 06 o7 08 Eciv)
70 80 90 100 1o 120 130 QE(hJ/mol)

8

~1

EFFICIENCY (%)
3
T

2
1

mental eclectrochemical data for the lower acid con-
centrations are not yet available. Generally,
operation at lower acid concentrations and Tower
sulfates leads to significant benefits from both the
viewpoint of cycle efficiency and decomposer design
compared to an earlier design. These herefits are
derived at the cost of an increased solids handling
requirement per unit of hydrogen production. It is
noted on Table ITTI that the reaction times for all
docomposition gteps of interest are favorable from
the viewpoint of process equ pment sizese

Fig. 1. Parametric dependence of thermo-
chemical hydrogen cycle efficlency on  maximum
operating temperature, eloctrolytic cell  vo.tape,
and endothermic heat requirement.

fncreases  tn cycle cffletfency result from increased
process temperagures, sipnificant fmprovements would
result {f the electrolytic cell voltage and/or the
endothermic heat tequirement could be reduced.

A preliminary  energy  balance lncurpnrn}lnu
these features Is  the basis of a new design in

THEPMOCHEMTCAL PROCESS DESIGNS

A proliminary process design based on the full

dovnmpnﬂitlnn sequence (Table ITI) and an eluc,roly-

sls at 92.7 wt% H,50, has bheen reported The which two major modifications to the process  resalt
SR l. 2774 : . * : v s . sSffF{etione Sy

process mnllf(cntlnnq described in  the previous fn a sgigniticant efficiency  {ncrease (Table 1V).
qectton have heen incorporated into a newer de gn The endotheimic enerpy requfrement (per mole of  Hy)

tor borh the bismuth sultate decomposition step and
the sultur trioxide decomposftion totals 251 kJ/mol,
compiared to  the earlicr value of 379 kJ/mol. This

that promises higher thermal efficlencies and
reduced materfals problems.  Figure 1 and  Table IV
show the results of a parametric study of the

tnt lusnee of the peak  operating  temperatare  T(K) decrease is accomplished by the pemoval of 1 ro 4/
eloctrolvtie  coll voltage teprr (Ve and endothermie wUlh of 50y per mal ot 1 rather than three mols ot
heat  requirement 0O(kJ/mol ”qB on  the ecarlier 5040 This beaetft fu derived, however, at the  cost

reforence doalyn ot fledency o Althouph only small of siiphtly tnereased cquipacnt slze and



Tabl- IV, PROCESS ENEPGY BALANCE FOR HYBRID
BISMUTH SULFATE THiIRMOCHEMICAL CYCLE

Work
Heat
Heat Heat Equiv.
Required Available kJ/mol
Process Steps kJ/mol H, kJ/mol Hy Hy
Decomposer
B1,04°250,+*B1,0,*S0,+50 167
273 3T 3 875-1250K
S0, + 80, + 1/20 95
3 2 2 1500K
B1,04+2505 preheat 243(3)
350-1250K
803 preheat 19
1250-1500K
Bi,04505 cooling 179(a)
1250-350K
S0, cooling 75
1500-350K
1/202 cooling 19
1500-350K
TOTALS 524 273
NET (Q)) 251
Electrolyzer
2H,0 + 50, » HyS0, + H, 228(®)
(0 45 v, %000 A/m R
3 wt? H,50,)
TOTALS (Qp) 228
Bismuth Sulfate Reaction
51203'90 + HZSOQ* {75)
Bi1,04°2504 + H,0 350K
Bi 03°2503 drying
g H,y0 preheat 61
350-510K
5 Hy0 vaporization 162
510K
5 Hy0 condensation 172
485K
TOTALS 223 172
NET (Qq) 51
502[02 Separator ()
S0, compression ) 42
0, expanston 10
50, absorbers 14
600-700K
TCTALS 14 i0 42
NET (Qg4) 46

(n)esttmnted

(b To obtaln the heat equivalent of work, the work
term s divided by 0.38, which {3 the assumed con-
version efficiency of converting 800 K heat to work.

Net Heai Reyulrement = ' +Qy +Qy + Qg
251 + 228 + 51 + 46 = 576 ﬁJ/moi tiy

Cycle thermal efficiency, n = 286/576 = 0,50

capital/operating cost. The electrolytic voltage
has been taken as 0.45 V. This voltage results in a
thermal energy requirement of 228 kJ/mol Hy, com=
pared to  the previoas value of 253 kJ/mol, Tn
priaciple, clectrolvais at a reduced acid concentra=
tion should require less enerry than electrolysis at
a mich  higher acild concentration of  52.7 wtX.

Overvoltage associated with cell resistance should
be partly overcome 1in addition to a reduction in
theoretical voltage, resulting in an overall voltage
decrease. The total thermal energy requirement for
the modified LASL bismuth sulfate cycle presently
equals 576 kJ/wol H,, resulting in a process th.rmal
efficiency of S50%Z. This thermal efficiency s
supported by detailed process calculations based on
an engineering flnwsheet for the LASL thermochemical
cycle.

Figure 2 depicts schematically the chemical and
energy flow envisaged fcr this fusion-driven TCD
cycle. As noted previocusly, sensible heat from the
fusion driver would be deposited cirectly 1into the
S04/80,/0, stream, which in turn would supply high-
temperature process heat to the sulfate decomposi-
tion. This agproach cdiffers considerably from the

earlier design,” in which the fusion energy was
delivered to the 803/502/02 stream by means of a
primary helium coolant (1500/800 K, 1 MPa) and heat
exchanger. The use of a helium-cooled graphite
outer blanket (1500 K) in conjunction with a lower
temperature (800 K) lithium-cooled inner blanket for
the fusion power plant lead to a poor energy match
between the electrical requirements (fusion-driver
recirculating power, electrolyzer pwer and
compressors used in the chemical process) and the
high~temperature process heat demanded by the
thermochemical cyclz. For thi. reason, a conceptual
"lithium boile." fusion blanket“” has been adopted
in order to increase the proportion of fusion energy
delivered as high-temperature process heat, to
eliminate the neea for a secondary heat exchanger,
and to breed tritium 1n a  high-temperature
containment. As indicated in Fig. 2, conversion of
the lower-temperature (first-wall) thermal energy to
electricity, as well as direct-conversion energy g?
tandem mirror fusion reactor 18 being considered),*
suppliz2s all electrical requirements of both the
thermochemical and the fusion power plants.
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ECONUGMIC CONSIDERATIONS

The design for botL.. the fusion driver and the
thermochemical plant is not sufficiently resolved to
permit a detailed cost estimate. Con:equently,
estimates of hydrogen production sasts have been
limited to simple parametric analyses in order to
identify major cost drivers. Generally, above a
minimum hydrogen selling price and for the same unit
investment and thermochemical cycle efficiency,
lower production costs result when the fusion energy
utilized to satisfy purely thermal requirements can
be maximized. The hydrogen production costs vary
hyperbolically with cycle efficiency and linearly
with the cost of the fusion driver. Comparisons on
an abaolute basis have been made with recent sesults
for other nuclear hydrogen production costs.23 These
gtudies 1indicate comparable values 1f the fusion
driver and thermochemical plant cost, respectively,
cost no more than 1-2 and 0.6~1 times the present
cogt of a nuclear fission plant, 1f the thermo—
chemical cycle efficiency is maintained above 507.
Baged on this simple pa-ametrie cnalysis, typical
hydrogen production costs would fall in the range
7-13 §/GJ, which is still a factor of 3-5 above
present methane coats bnut is comparable to the cost
of other proposed sources of nuclear hydrogen.

CONCLUSIONS

® The major advantage thalt tusion euergy offers as
a producer oif synfuel, aside from the abundance
of rhe tusion fuel-resource, is the potential for
generation of process heat at temperatures above
those preascntly thought feasible 1in a fission
blanket.

® Most studies of nonelectric applications of
fusion energy, excluding fissile~fuel production,
have emphasized in one form or another the gener-
ation of high=-temperature jroceas heat.

® Use of a partial decomposition of 31203'2503 and
& lowering of th= H,S0, acid concentration leads
to an increase of thermochemical cycle nfficiency
at the expenae of 1increased mass=handling
requirements per unit of hydrogen produced.

® The peneration of tritium 1in a low-temperature
lithium blanket adversely affects the thermal
performance of the global system, leads to a poor
thermal energy match, and generally f-..ces the
system to gencrate excess electoicity.

® Materials problems within both the fustan driver
and the chemfical process are cndemic to most
alternative applications which sapecify tempera-
tures in excess of 1400-1500 K to achleve
economfcally attractive and competitive
efflciencien.

® Although parametric and unsubstantiated by
detailed destyn, cestimates of hydrogen production
costs Indicate that the fusion-driven thermo-
chemical hydroger ayatem are competitive with
other approaches ta synthotf{c hydrogen. These
ptoductlon costs, however, are a  factor af  7=5
above present methane codts.
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