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ABSTRACT

The decreasing availabil ' . lossil fuels
emphasizes the need to develt, systems which will
produce synthetic fuel to substitute for and supplement
the natural supply. An Important first step in the
synthesis of liquid and gaseous fuels Is the production
of hydrogen. Thermonuclear fusion offers a nearly inex-
haustible source of energy for the production of
hydrogen from water. Depending on design, electric
generation efficiencies of ̂ 0-60S and hydrogen pro-
Juctlon efficiencies by high temperature electrolysis
of "-50-70S are projected for fusion reactors using
high temperature blankets.
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WHILE EMPHASIS HAS BEEN PLACED on the virtually limit-
less supply of deuterium fuel for the fusion process
and the subsequent production of electrical energy, the
unique properties of fusion Itself aay be significant in
assuring an adequate supply of chemical fuels produced
at high efficiency. To be more precise, in the appli-
cation of fusion energy for synthetic fuel production,
the greatest interest lies in the production of hydrogen
or carbon monoxide, both fundamental building blocks
for more convenient fuels and other chemicals (1*).

The BNL conceptual design (2) coupling fusion with
high temperature electrolysis (IITE) for the production
of hydrogen serves to identify the problems and research
areas as well as the potential payoff from such a
system. The electrochemical decomposition of water is
an jr.dochermlc reaction requiring both electrical and
theraal energy. The ratio of electrical to thermal en-
ergy decreases with Increase in temperaturej_thereby de-
creasing the electrical energy requirements. In the
proposed system steam is transported from the fusion
blanket and distributed to the electrolyzers in ceramic-
lined ducts. The balance of energy supplied to the
electrolytic cells is generated by converting the re-
maining fraction of fusion energy to electricity in a
standard thermal cycle. A simplified process flow
sheet, which couples the three basic elements of the,
system for the production of hydrogen and oxygen, is
:,'aown In Figure 1.

A conceptual design depicting the system Is shown
In Figure 2. The electrolyzers are housed in pressure
vessel-like structures outside the fusion reactor
assembly in separate compartments. The last compart-
ment contains the heat exchangers for hydrogen separ-
ation as well as the hydrogen storage vessels. The
electrical generating plant houses the turbines and
steam generators aa well as auxiliary systems to meet
the electricity requirements of the electrolyzers and .
fusion reactor itself. Not shown are the tritium
facilities which muse also be considered for plasma
fueling.
Work performed under the auspices of The Department of
Knergy.
* Numbers in parentheses designate References at end

of paper.

The key elements in the design of the system in-
clude: i) the fusion blanket in which the kinetic
energy of the high energy neutrons is converted to
useful high temperature process heat, for example,
steam at M.500'C; ii) the high temperature electrolyzers
in which the steam is decomposed to hydrogen and
oxygen; and iii) the overall process design - the
coupling of the fusion and electrolyter systems as well
as power conversion system. More details are given in
Ref. (2).

PRINCIPLES OF HIGH TEMPERATURE WATER ELECTROLYSIS

The electrochemical decomposition of water into
its elements is an end :>thermic reaction requiring both
heat and electricity. The production of electricity,
from the fusion reactor heat, is Carnot limited. If
conventional methods of electricity production are
used, the efficiencies will approach 40X. On the other
hand, the heat required for the endothermlc reaction
is used directly at essentially 100* efficiency, and a
definite advantage is gained by increasing the ratio
of the direct heat to the electrical energy required.

The energy required for water decomposition is
equal to the reaction enthalpy AH for the reaction

H + I o2 • HjO CD

At a temperature T, the necessary thermal energy
results from an entropy change AS and is given by TAS.
The required electrical energy is equivalent to the
free energy change AC, and these energies must equal
the reaction enthalpy, i.e.,

AH - AG •» TJS (2)

As temperature increases, AG decreases and the ratio
of thtroal energy (TAS) to electrical energy (AC) in-
creases. This increase results in an increased
efficiency of the overall process and hence the higher
the temperature of electrolysis, the greater will be
the efficiency with which the fusion energy is utilized
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in producing hydrogen. The relation between the total
heat required fron the fusion reactor per aole of
hydrogen produced, (\, and the efficiency of electricity
;>roduction, c. Is given by

i (3)Q - i AC + TiS

Q - i AH - T4S(i - 1) (4)

The heat required for the endothenlc reaction Is
removed fron the systea during electrolysis. This
cools the steam, hydrogen, and oxygen streams.

An electrolysis cell using a conducting electro-
lyte Is shown In Figure 3. At the cathode, water is
reduced to oxygen ions and hydrogen, which nixes with
the steam. The oxygen Ions move across the electro-
lyte, vie a vacancy algradon mechanism, and react at
the anode to fora oxygen. The potential across the
cell E is given by the Hemst equation

E'-ffm \ *
(S)

where p Is the partial pressure in atmospheres, R the
gas constant, F the faraday and

4F
E* (6)
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PROCESS DESIGN

The thermal efficiency of hydrogen production in-
creases as the electrolysis reaction temperature in-
creases. In order to maintain a high reaction temper-
ature, the outlet stream of steam/hydrogen from the
HTE is sent back to the blanket to absorb heat for
temperature reheat. The mixture Is then sent to the
next electrolyzcr unit, and the reheat process repeated.
When the hydrogen concentration has built up to the
required level, .tnd the proper temperature drop along
this clcctrolyzer tube has been achieved, the gas mixture
passes Into lower temperature eleccrolyzcrs where the
imdothartnlc reaction cools the gases during th« last
stages of electrolysis to a temperature at which con-
vencional heat exchangers are used for water-hydrogen
separation. For a naxlauo seeaa temperature of 1377*C,
there art nine electrolyiers—In series—operating at
the asxlnum reaction temperature. These are followed
by three electrolytes operating ac lower temperatures,

decreasing by 150*C per electrolyzer to an outlet
temperature of 727*C. For the maximum stesm temper-
ature equal to 1S27*C, the number of electrolyzers
are six and six, respectively. The oxygen generated
In the high temperature electrolyzers Is passed di-
rectly to the low temperature electrolyzers without
reheaclng. Maximum temperatures uill be fixed by
material llnitations which In turn will set limits
on optimum values. Electrical Input to the electro-
lyiers is supplied from the power conversion cycle.

The outlet oxygen and steam/hydrogen mixture from
the last set of HTE's is sent to heat exchangers where
heat Is recovered by the inlet make-up water stream.
The make-up water screaa from the outlet of the heat
exhanger will take up heat froa the helium loop of
the superheater before returning to the breeding
blanket of the fusion reactor. Hydrogen is separated
fron steaa in the heat exchanger. The separated
water Is combined with the make-up water for recycle.
Oxygen produced can be used as an oxidizing agent.

The electrical power generation plant is similar
to c conventional power plant. Low temperature steam
from the low temperature blanket region is pumped
through a superheater where the temperature or steam
is raised by heat absorption from the helium loop.
Power is generated through high or intermediate
pressure turbines. Steaa from -he turbine is con-
densed in a low pressure condenser before returning
to the blanket. The cycle efficiency is shown to be
^38 percent. The unique ability of fusion neutrons
to directly heat the interior of a blanket to very
high temperatures offers great potential for high
efficiency power cycles using fusion heat. Typical
values may be ̂ 55-60 percent with a FAST (Fusion
Augmented Stean Turbine) cycle (discussed in Ref.(2)).
This implies that the overall hydrogen process ef-
ficiencies would be high: t65 to 70 percent for high
temperature electrolysis, and 1*0 percent for low
temperature electrolysis.

' RESULTS OF DESKS STUDY
; EFFICIENCY CONSIDERATIONS - The constraint placed •
on the system is that it must be energetically bal-
anced. This means that Che energy generated by the
fusion reactor is only used to produce hydrogen gas.
With reference to Figure A, the cycle efficiency of
the entire system is defined as conversion of total
fusion energy to hydrogen fuel gas energy tor both
the lover heating value (UW) and the higher heating ,
value (HHV) of hydrogen. Ti«sre Is approximately 7 to
8 percentage points improvement in HHV over L1R1. The
efficiencies as calculated are idealized in that
pumping and heat losses from the various process units
will reduce the efficiency. In addition ac very high
temperatures (>2300°K) material temperature limitation;
may impose practical operating limits. Below 1000'K

: the cver-voltage problem may impose a lower operating
limit. Furthermore 40 percent efficiency may be too
high a value for the conventional power cycle. All
these additional inefficiencies are taken into account
in the actual process design of Che conceptual system.

The value of the HTE system can be compared to
conventional fusion power wich low temperature,or
conventional, electrolyzers. The well-known Lurgi
electrolytic cells operate ac 30 acm and 80*C ac an
efficiency of SO percent. The advanced CE-solid
polymer electrolyzers (SPE) operate at 125*C and are
reported to have efficiencies of 90 percent. When
combining these efficiencies with Che 40 percent
conventional power cycle, the range of UN efficiency
values of 32 to 36 percent are obtained and the HIIV
efficiencies are 42.2 to 45.A percent. At 1700*K
(1426.8'C) which is a reasonably high temperature
for HTE cells, a HHV efficiency of 5ii.9 percent can

be obtained. Thus, the KTE cycle efficiencies are



L .
frop 14.5 to 17.? percentage points higher than those
of a conventional elec rolyier cycle, and this yields
an Improvement of from 31.2 to 42.0 percent In
efficiency over conventional systems on a comparable
basis. This Improved efficiency should be translated
to lower operating and capital cost for a synthetic
fuel process and would seem to Justify a development
program for UTE.

ElECTSOLYTE INTERCONNECTION OXIOE

POROUS SUPPORT STRUCTURE

iiif H,0

HTE CELL DESIGN
(WESTINGHOUSE FUEL CELL)
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In addition to the 1)., production efficiency gains
as a consequence of hlgh'tennorature, a substantially
higher efficiency can be achieved with the Inclusion of
an advanced power cycle (60" efficiency) In the system.
For example, at 1700*K a HliV efficiency of 72 percent
can be realized (compared with 572 with a lower power
cycle efficiency). This Improved efficiency should
likewise be translated Into lower operating and
capital cost for a synthetic fuel process and vould
seem to Justify a development program for advanced
power cycles based on high temperature blankets.

Results of the conceptual design study are summa-
rized in Table 1 for a maximum steam temperature of
1377*C. The ^ouer cycle efficiency is found to be
"•-38:: (the net efficiency accounting for pumps, etc.).
It is assumed that the reactor operates in an Ignited
state, with long plasma burn and minimal extra re-
circulating power for special portions of the fusion
reactor, i.e., beams, magnets, tritium recycle, etc.,
that would not be included In the reclrculating power
requirements associated with the power conversion.
This accounts for 22 of electrical requirements. The
hydrogen thermal process efficiency is 492 for the
maximum steam temperatures of 1377*C. While the
efficiency Increases with temperature, the Increase Is
not great between M.400*C and 1800*C, as borne out by
the theoretical calculations.

ECONOMICS - While a complete study of the system
was not attempted, estimates of the capital Investment
costs as well as fuel production cost were made. This
phase of the study relied on cost estimate assumptions
for individual components, such as the fusion reactor,
coal-synthetic fuel plant, etc.

Before any coitlng can be done, sotn« Idea as to
the fuel production capacity for a given fusion re-
actor size Is necessary. For a fixed reactor thermal
rating, the hydrogen produced, I.e., standard cubic
feet/day (scf/d), increased In direct proportion to
the system efficiency. In terms of equivalent gasoline
production in barrels/day, a 2000 MW(th) fusion re-
actor-llTE system is a relatively small fuels plant.

Such a plant, operating at 70 percent efficiency for
H, production would produce the energy equivalent
of 20,000 bbl/day. A factor of three reduction in
coal feed (tons/day) in achieved in syngas (methane)
production 1* fusion-produced hydrogen is used as
compared to a conventional syngas plant fed by coal.
This large savings in coal usage realized with the
fusion produced hydrogen vould greatly extend coal
resources and reduce environmental effects.

Table 1 - Table of Process Flow Parameters

Electrolytic Cells

Max, Inlet Temp, to Elect,
AT/Cell
Electrical Input to Cells
Thermal Energy to Cells
Output Temp, of Steaa + H,

(last HTE) "*
Overall Steam Conversion

to H2

n. Separation

H, quality - at 9 atm and
SO'C (water impurity)

Power Conversion

13?7*C
150'C
S98.4 MU(e)
392.9 MW(t)
727»C

94.32

98.653

High Temp. Region - TSP of
Helium

Low Temp. Region - T&P of
Steam (sat.)

Energy Split (high temp.
region)
(low temp, region)

Power Conversion Eff.

Total Plant Efficiencv (HHV

Hydrogen Production

800*C, 30 ata

35O'C, 2400 psia

1007.1 MW(t)

600 >!W(t>
38Z

HJ 49.32

23.5 MT/HR

The assumed costs of the fusion reactor plus
electrolyzers are taken to be in the range of $400 to
8Q0/KM(th) [$1000 - 2000/KW(e) equivalent] based on
reference designs for fusion reactors producing
electricity at conventional efficiency (30 - 40 per-
cent). A conventional syngas fuel plant costs i one
billion dollars and an additional one billion dollars
is needed for coal feed operating costs which can be
considered as a tradeoff for the additional capital
investment for the fusion reactor process. Results
show that the cost of the S02 efficient fusion UTE
systfcia based on the lower fusion costs Is slightly
more than the total cose of a syngas system and
slightly less than the cost at the higher efficiency
(70 percent). Doubling the fusion plus electrolyzer
costs increases the total costs accordingly.

Assuming fixed charges to be 15 percent in a
fusion-synfuels plant, the fuel costs based on the
lower fusion costs are competitive with those based
on a conventional coal-synfuels plant. Fuel costs
resulting from the fusion-synfuels plant would be
approximately one-half that of a comparable fission
electrochemical system. Looked at from another
perspective, the hydrogen produced from a fusion-
synfuels plant Is equivalent to an energy cost cor-
responding to t45c to 60c/gallon of gasoline. Since
all of these comparisons are based on assumed :03ts,
no conclusions can be made regarding exact costs.
However, if the cost per unit thermal output of a
fusion UTE plant is comparable to that projected for
fusion electric plants, fusion produced hydrogen should
be economically competitive.
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SUMMARY

Based on results obtained from the study as veil
as comparisons with other methods of hydrogen pro-
duction, the following tentative conclusions are
reached:

1) I1TE has the highest potential efficiency for
production of synfuels from fusion; a fusion to
hydrogen energy efficiency of "WO percent appears
possible with 1800*C HTE units and 60 percent power
cycle efficiency; an efficiency of 15C percenc appears
possible with 1400*C HTE units and 40 percent power
cycle efficiency;

2) relative to thermochemlcal or direct de-
composition methods HTE technology is in > more
advanced state of development, e.g., single cell units
have been built and tested at 1000*C;

3) HIE units offer the potential to be quickly
run in reverse as fuel cells to produce electricity
for restart of Tokamaks and possible spinning reserve
for a grid system.
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