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SYNFUEL (HYDROGEN) PRODUCTION FROM FUSION POWER

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

Los Alsmos Sclentific Laboratory
University of California
Los Alamos, New Mexico 87545

ABSTRACT

A potential uae of fusion energy for the pro-
duction of aynthetic fuel (hydrogen) is described.
The hybrid-thermochemical bismuth-sulfste cycle ia
usea as a vehicle to a88sess the tech:nological and
economic merits of this potential nonelectrlc
application of fusion power.

POTENTIAL NONELECTRIC APPLICATIONS OF FUSION POWER
have only recently been subjected to quantification
by systems atucies. Although fusion energy 1is
furthest from practicsl and economic utilization
compared to the other "inerhaustible” energy sources
(fispion, solar), studies and projectinns of
magnetic, inertial and magneto-inertial fusion
schemes for electric-power production have been
performed at a aignificant level-of-effort since the
esrly 1370°s. Careful examination of energy
resources, vectors, and end-uses projected for the
mid-twentieth century, however, hasg led to
preliminary consideration of nonelectric fusion
applications. The energ{ end-use pattern that
describes US consumption’ 18 depicted in Table I.
Although the present 75X nonelectric consumption
(now provided by hydrocarbon fuels) may diminish
somewhat in the next century, this fraction 1is
expected to remain high; for reasons of cost and/or
technological feasibility, electricity simply cannot
satisfy these nonelectric needs. If a serioua
mismatch between energy production capacities and
ultilization requirements is to be avoided, it Reems
prudeni. to consider nonelectric roles of fusion
power, given that future acientific 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 IINITED STATES

Percentagae

End Ume - of Total
Flectric Power
Industrial 14
Residential and Commercial a
Other 2
Total Electric 24
Fossil Fuels
Transpurtation 24
Residentlal and Commercinl Heating 20
lLow-Temperature Proceas Heat [
High-Temperature Process Hent 9
Conversion to Uther Fuels 7
Nonenergy Il'ses 5
Nther 1
Toral Foanil Fnels _16

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

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

L] high-tenperatgrz fixation of nitrogen in air to
form ammonia.”®

® praduction of synthetgc natural gas (SNG) and
liquiu fuels from coal. 16

® thermal splitting of carbon dioxide.’

® hydrogen production by water Splitting uaing
high-temperature_ electrolyais or thermo~
chemical cycles.

® supply of procesa heat for less specific
applications.

Since a wsustained trhermonuclear reaction of
deuterium and tritium (DT), to yield a 3.5~MaV alpha
particle and a l4.1-MeV neutron, has not yet been
controllably demonstrated to an extent required for
an engineering energy breakeven, etudies 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
fission burner/convertor reactors -° L fusion
energy 8ource, ad a producer of synthetic fuels
(hydrogen, SNG, CO), chemical feedatocks (NH3), or
procesa heat, exhibita the following characteristics
and pogsible advantagea relative to other energy
sources:

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

(€1 m) that i8 removed from the fusion source

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

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

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

wavelength) and charged particles (~ 0-10 keV

DT 1iona, 0-3.5.Me' alpha particles), in

addition to the l4.1-heV neutrons.

Although direct radiolysis has bfin examined as
+ means tv produce synthctic fuels, moat studles
purformed to date have considered ~nly the genera-
tlon of high-tcemperature heat 1in a blankec that
sarrronnds the DT reactivn  chamber. Furthermore.
ieccause of nentrvn-induced radioactivity, dircct
naclear heating of a chemical proceas strerm,
although offering naignificant thermodynamic and
economic henetits, has yet to be Heriously
constidercil, llongequently, most Htudies have 1in
¢ ommon the design of high=temperature
tritimm=hrecding (l.c., Lithlum containing) hlankets
that are heated primarily by the cnergetic fusion
nentronsd; the fuslon cuergy (s delivered to an



external chemical or electrochemical process by a
high-temper-ture coolant or process-heat stream.
Aside from the nniqueness 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.

THERNOCHEMICAL HYDROVGEN 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 cI theimal energy
(breeder-fission, fusion-fission, s8olar, fusion)
would result in a limitless and clean fue! supply.
In addition to the well-known arguments made for a
"hydrogen economy” (nonpolluting, transportable,
easily stored, substitutable etc.), hydrogen 1s 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 prodaction 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 commercially
impractical because of the unrealistically high tem-
perature and low presure required. The direct,
ambient-tcemperature electrolysis of water occurg
with an overall efficiency equal to the thermal-to-
electric conversion efficliency reduced by the
electrolyzer efficiency and, therefore, is
ergonically unattractive. Consequently, only the
direct, but hiph-temperature, electrolysis (HTE) ov
the thermoctemical decomposition (TCD) of water can
potentially lead to 1increased thermal-conversion
efficiencies. The potential for using fusion energy
t drév?3 a NTE process is being considered else-
where, " and the TCD approach 1s described here.
The single most attractive feature of TCD is rhe
reduction or elimination of electrical power genera-
tion and the potential for 1ncr§uT§d thermal effi-
ciency (>50%). The !IITE approach,”* on the other
hand, would operate a direct electrolyser at
elevated, temperature and at a reduced free energy
(and voltage), thereby achieving an 1increased
thermal efficlency. For both HTE and TCD the inter=-
relationship aund trade-off between increased thermal
efficiency and (increaaed) capital/operating costs
remains an important and unresolved i{ssue.

The statns of TCD pfch?ses for hydrogen pro-
duction has bheen reviewed, " * and Table 11 1lists
the TCH cycles that are under active resear:h and/o

development. In nelecting a specific TGH or thi,
study, the followling practical ts8aues wire
addressed:
Chewiatrey

® avallabllity of accarate thermodynamic data
® avr.lability of acenrate kinet!ce data
® lossces of intermediute vompounds
® comprting side reactions
Engineering
¢ matching of thermal energy  sonvee  to the  TCH
cyele

TABLE TII

THERMOCIIEMICAL CYCLES UNDER ACTIVE RESEARCH
AND DEVELOPMENT

GGNTINUOUS-CIRCUIT, BENCH~SCALE TESTS:
® Hybrid Sulfuric Acid Cycle (Westinghouse Electric
Lorpo. ation).
® Sulfurfc Acic - 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=-Iodine Cycle (Natirnal Chemical
Laboratory for Industry, Japan).

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

® Potassium Iodide - Ammonia Cycle (Argonne
National Laboratory;.

® Bariim lHydroxide - Copper Cycle (0ak Ridge
National Laboratory).

® 7.nc Selenide Cycle
‘.abor .cory).

® Calcivm Bromide -~ Iron Oxide Cycles (University
of Tokyo, Japan).

(Lawrence ILivermore

® devclopmen’ of
processcs
® minimization of heat-exchange areas
® high-temoerature, corrosive materials environ-
ment
® materials
operations).
Available information on the few TCD cycles
;ongidered to date 1s inadequate to satisfy or to
regsolve these issues. Because »f ongoing experi-
mencal support at LASL and the existence of g weak
bt developing and valuable data base,!® 17 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
ILl describes the attractions and problems
agsociated with this cycle.

The use of 50,/H,50, 1in the electrolyzer to
reduce electrical power consumptinn by a factor of
2-3, 1in accordance with the first reaction depicted
in Table III, anpears ir certain hybrid TCD cycles.
Srlfuric acild 8 wulso generated, althongh by a
different reactum, in “puie" thermochemical cycles
such as  the sulfuric-acid/fodine rycle under
devulopment at the General Atomic Corporation (Table
I1). In order to resolve problems of 50, recovery
(Lov., 1t Sﬂa handling, evaporation amt decompasi=
tion), a metal (bismuth) oxide ur sub=snlfate wonld
be added to the acid anolyte, and a metal sulfate
wonld be precipitated from the acid solution. The
bigmath snlfates so  formed would he lried ana
thermally decompased by the fusion-generated cnergy,
according tu the (dtep 3) reaction scequence depleoted
on Table ITI. Tn addition to possessing a desirable
chemlical reactivity, (l.c., shart reactian times and
amall chiemienl reactors) bismuth sullate was

high-temperature separation

handling costs (capital and

selected hecansge  the absence of  hydrates, which
wonld Teat te an andestrably ard diffienlt drytag
step.  The S0, evolved from the saltate  decomposl=
tion ateps wonbid he therwally veduced to Sty wntag
he  thermul  power from the fug€n driver; the
3;()1/51)2/(1;r mbtwe wonbd,  In Lot serve g Che
violmary heat=exchange  oedinm thar powers the
bisanth-sullate decomposers.” The high acfil concen=-

teatinag  (N2e7 wtX)  regalpedt to regonerate thoe



TAELE III
HYBRID BISMUTH SULFATE THERMOCHEMICAL CYCLE

® Three Step Cycle:

1) 80,(g) + 21 0(2) > HZSO,(sol) + Hz(g)
2; %o 4(soD) + 1/3 B1,04(5) » 1/3 Bi,04
3) 1 3 B1203-3903(s) + l?

® Data on Step 3
31203'3503(5) + 31203'250?(5) + SO?(g)
31203'2503(8) *> 31203'50 s) + S0
31203'503(8) + 31203«-/3503(8) +
B1503°2/3503(s, %) » u150-(R) + 2/3503(5,
§04(g) *+ S0, + 1/20,(g)

® Attractions

'350 + H
3B1,04(s) + SOZ(g) + 1/28

f/BSO 3(8)

350 K (Electrolysis)

o(L) 350 K
() 900-1250 K

T() AH(kJ/mol) Time(m)
876 161 1.5
973(?) 167(?7) 3.0
1223 ? 10(+)
1253 ? ?
960-1500 96.3 rapid

- 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 heat-pipe effect for 503 * 80, + 1/202 reaction

® Crucial I[ssues:
- Large volume of solids handling

- Decomposition chemistry not fully resolved

- Rvaction rates and heat transfer in B1i,0.

*xS0.

decomposcis must Le rapid to minimize size

~ Recuperation of latent heat from drying of solids
- Low-voltage electrolyzer must be demonstrated under production conditions

sulfare represents a disadvan:age 1in that high
electrolytic voltages (> 0.6 V) result,
Further:ore, if the 31?03-390a is reduced completely
to the oxide (melting poiut ~ 377 K), a molten oxide
and a complicated handling problem {s incurred. If
the sulfate redaction is allowed to proceed oanly to
the 81203'2/350 (Table II1), 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 Hy);5
recent experimental evidence snggests the removal of
the first two mols of S03 from Biply=3503 proceeds
with a reduced heat of _-~action (167 kJ/mol per
8(13), and opcration with a partial sulfate decom-
position would result {n increased cycle efficirncy
because of the reduced endothcermal heat requirement.
Furthermore, a reduced acid concentration in
principle may lead to decreased elecrrnlYgic volt=
ages and increased thermal efficlency ”; cxperi-
mental electrochemical data for the lower acid ron-
centriations are not yet available, Gencrally,
operation at lower acid concentrations and lower
sulfates leads to significant hencfits from both the
viewpoint of cycle efflclency and decomposer denign
compared to an earlier design. These benefits are
derived at the cost of an increased solfds  handling
requirement per anit of hylrogen production. It Is
wotel on Table ITT that the reaction times for all
docomposition steps of interest are favarable from
the vicwpoint of pracess oqn pmeat sizege

THEPMOCHEMECAL 'ROCESS HESTGNS

A proliminary pravess design based on the  fntl
decompos!tion nequence (Table ITI) and an elov,ratv-
sis at 92,7 wt% 11,50, bas  heen repurted, The
process mantifications  describedt in the previouy
section bave been tacorporated ITato a newer b gn
that promlsey biglhier thermal ol ffetveoctos il
redaceil matertiats probitema,  Figare t oand  Table 1V
shaw the  regults of a parametric satady of the
Tt bar aee of the peak operating temperatare T(R)
sloctrotvrde  cell voltage o il (V), and cudothermine
heat  requirement  0(kJ/mot HqB an the earlloer
retercats Jdealpn el eteaey e Al theaph onty smatl
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Fig. 1. Parametric dependence of thermo=-
chemical hydrogin cycle efficiency on maximum
operating temperatare, clentrolvtic cell  vo.tape,

and endothermic heat regnirewmeat,

increases  In cycle efficivncy reault from increased
process temperacares, Sipnificant {mprovements wounld
roesaty 1f  the electrotvtic cell voltage and/or the
cudochierml e heat veguirement cunld be redneed.

A prelimfuary  cocrgy  babimee 1nunrpnrn5|nn
these features  Is o the basig of a wmew destgn in
which two major woddf leattoms to the procens resatt
In o sipallleant ceffielteney tuerease (Table 1V).
The endotheomic enerpy requivement (per mole ol II,)
tor  borbe the bimnth subvate decowposition step and

the sultar arioxtde ddecompostition totals 251 kd/mot,
comparmd  to  the earlier vatne of 379 kJ/mot. This

deerease 1y aceempt fstuat by the removal of P v 4/

mols ot R0 pev vl ol faovather than three aots ot
‘JH"- this heaet it Ia obor Ivml however, at o the ookt
ol wtiphtty tacreaseit vquipment sizoe and



Tabl. IV, PROCESS ENEPGY BALANCE FOR HYBRID
BISMUTH SULFATE THi:RMOCHEMICAL CYCLE

Work
Heat
Heat Heat Equiv.
Required Available kJ/mol
Process Steps kJ/mol H, kJ/mol H, H,
Decomposer
B1,0,°250,*B1,0,*50,+S0 167
273 3 3 3 875-1250K
so, * S0, + 1/20 95
3 2 2 1500K
B1,04°250; preheat 243(3)
350-1250K
503 preheat 19
1250-1500K
B1,04°504 cooling 179(@)
1250-350K
50, cooling 75
1500-350K
1/202 cooling 19
1500-350K
TOTALS 524 273
NET (Q)) 251
Electrolyzer
2H,0 + 50, + HyS0, + H, 228(®)
©%45 v, 2000 A/m’.
3 wt? HZSOQ)
TOTALS (Q5) 228
Bismuth Sulfate Reaction
31203'30 + HZSOQ* S?S)
B1,04°2505 + H,0 350K
Bi,04°2504 drying
g H,0 preheat 61
350-510K
5 H,0 vaporization 162
510K
5 11,0 condensation 172
485K
TOTALS 223 172
NET (Q3) 51
02[02 Separator )
80, compression (b) 42
0, expanston 10
50, absorbers 14
600=700K
TCTALS 14 i0 42
NET (Q,) 46

(”)9st1mated

L ohtain the heat equivalent of work, the work
term 1is divided by 0.38, which is the assumed con-
version cfficiency of converting 800 K heat to work.

Net leat Reqailrement = ) Q +Qp+ 0y + Q =
251 + 228 + 51 4 46 = 576 ﬁJ/mo} “2

Gycle therwal efficlency, t » 286/%76 = 0.50

capital/operating cost. The c¢lectrolytic voltage
has been taken as 0.45 V.  This voltage resultn 1o a
thermal energy reguirement of 228 kJ/mol H,, com-
pareit to the previoan valae ofF 53 kd/wol. n
priactpte, clectrotvals ar a redueedt acld conecentra=
tion shonld requir: less energy than eclectrotysis at
a wmich  higher acld  coneeatratinon  of  5%.7 wei.

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/mol Hy resulting in a process th.rmal
efficiency of 502. his  thermal efficiency 1is
supported by detailed process calculations basea 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 into the
503/502/02 stream, which in turn would supply high=-
temperature process heat to the sulfate decomposi-
tion. This agproach differs considerably from the

earlier design,”’ in which the fusion energy was
delivered to the 503/502/02 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 prwer and
compressors used in the chemical process) and the
high-temperature process heat demanded by the
thermochemical cyecle. 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 hcat exchanger,
and to breed tritium in a high=temperature
containment. As indicated in Fig. 2, conversion of
the lower-temperature (first-wall) thermal energv to
electricity, as well as direct-conversion energy S?
tandem mirror fusion reactor is being considered),“
suppli»s all electrical requirements of bhoth the
thermochemical and the fusion power plants.

r_ _- ELECTRICAL

t
1 .
| Ha5040ai | BISMUTH SULFAT
! : - ;;Acrcéh £
1 ELEcTaevaEn |
1 mzo- 502..”250.»12 81,04 SO,»H,SO."-I
| ] H 30 Bi0y 2504+H,0
' 1
: S0, 1) 0, Tslzos SO= B0y 1504
. _L___L B M
SULFUR DIOXIDE- 0,, BISMUTH SU.FATE
: OXTGEN 0% DECOMPOSITION
1 SEPARA TVON B10y 250y = -
1***~—4 Lm&wyw,
I §0,.0,
1 L. so
1 EnTY 3
Pt ANI ' BPIND b o
Mlxq'lmeu i) : -%: s
1 [
l ll((‘Ynu-n e
~"] GENERATION &\ \
"""""" o F 510N
FIRST WALL ' A TER
COOLANT (noP

HiH TE MPERATURE
HLANKE T
fLITHIUM BOILEP)

Filp. 2. Schematic  dlagram nf blamath=suliate/
saltarte-actd  thermoebemleal  Svdrosen cevele drlivea
by o fusfon reactor. Refer to Table 11D for deaatls
nf reactlom sequence.



ECONUMIC CONSIDERATIONS

The design for bot., the fusion driver and the
thermochemical plant is not sufficiently resolved to
permit a detailed cost estimate. Com:equently.
estimates of hydrogen production sasts have been
limited to simple parametric analyses in order ‘o
identify major cost drivers. Generally, above a
minimum hydrogen selling price and for the aame unit
investment and thermochemical cycle efficiency,
lower produrtion 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.?3 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
cost of a nuclear fission plant, 1if the thermo-
chemical cycle efficiency is maintained above 507.
Baged on this simple pav-ametric 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 but 13 comparable to the cost
of other proposed sources of nnclear hydrogen.

CONCLUSIONS

® The major advantage thal tusion euergy offers as
a producer oi synfuel, agside from the abundance
of thi tusion fuel-resource, is the potential for
generation of process heat at temperatures above
those presrntly thought feasible 1in a fission
blanket.

® Moat studics of nonelectric applications of
fusion energy, excluding fissile-fuel production,
have emphasized in one form or another the gener-
ation of high-temperature j'rocesas heat.

® Use of a partial decomposition of Bi,0,°2504 and
& lowering of th~ 11,50, acid concentration leads
to an incresse of thermochemical cycle nfficiency
at the expense of increased mass-handling
requirements per unit of hydrogen produced.

8 The generation of tritium in a low-temperature
lithium blanket adrersely affects the thermal
performance of the globnl syatem, lcads to a poor
thermal energy match, and generally f-..ces the
system to genoratc excess electricity.

® Materials problems within both the fusion driver
and the chemical process are cndemic to most
alternative applications which sapecify tempera-
tures in excess of 1400-1500 K to achicve
economically attractive and competitive
ef ficiencies.

8 Althongh parametric and unsubstantiated by
detailed desipn, cstimates of hydrogen prodnctlon
cogts {ndicate that the faslon-driven thermo-
chemical hydroper Aystem are competitive with
nther  approaches ta  synthetic hydrogen. Thesc
production costs, however, are a  factor of  7=5
above present methane costs.
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