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ABSTRACT 

Conceptual design s t u d i e s have been ca r r i ed out on an integrated fusion/chemical 
p lant system using a Tandem Mirror Reactor fusion energy source to d r ive the 
General Atomic Sul fur - Iodine Water -Spl i t t ing Cycle and produce hydrogen as a 
future feedstock for s y n t h e t i c fue l s . Blanket design s tud ies for the Tandem 
Mirror Reactor show t h a t several design a l t e r n a t i v e s are ava i lab le for providing 
heat a t s u f f i c i e n t l y high temperatures t o d r i v e the General Atomic Cycle . The 
concept of a Joule-boos ted decomposer is introduced in one of the systems inves t i 
gated to provide heat e l e c t r i c a l l y for the h ighes t temperature s tep in the cycle 
( the SO3 decomposition s t e p ) , and thus lower b lanket design requirements and 
c o s t s . Flowsheeting and conceptual process designs have been developed for a 
complete fusion-driven hydrogen p lan t , and the information has been used t o 
develop a plot plan for the plant and to es t imate hydrogen production c o s t s . 
Both public and p r i v a t e u t i l i t y financing approaches have been used t o o b t a i n 
hydrogen production cos t s of $12-14/GJ based on Ju ly 1980 d o l l a r s . 
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INTRODUCTION 

In view of the s i g n i f i c a n t advances tha t have been made in recent years in magne
t i c fusion r eac to r d e s i g n s , we have a reasonable expecta t ion tha t magnetic fusion 
energy wi l l emerge as a commercial r e a l i t y in about 30-40 y e a r s . To d a t e , the 
main motivat ion for developing fusion has been for the generat ion of e l e c t r i c 
power. However, a s we look a t our Nat ion ' s energy needs we find t h a t same t h r e e -
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fourths of our needs are in portable and transportable fuels, as contrasted with 
one-fourth in e lectr ic i ty . We expect this proportionate need to continue, and as 
fossil fuel resources became depleted we need to look toward fusion to fulf i l l our 
needs for both synthetic fuels and electricity. 

In addition to the fossil fuel depletion problem, we-are faced with a potential 
problem of detrimental climatic changes that can resutt'froni"increased carbon .",-"' 
dioxide in the atmosphere as fossil fuels continue to beibumen.' £his problgm is ., 
particularly accelerated from the burning and gasification of low-hydrogen Euels 
such as coal. This adds to our motivation for developing processes for producing 
hydrogen and hydrogen-derived synthetic fuels from fusion. 

Although 3(M*Q years for the emergence of fusion energy may seem like a long time, 
nonetheless the tine for development of a technology for producing fuels from 
fusion is very limited if we are to meet this timeframe. In an ini t ia l effort to 
evaluate the technology and econamics of producing hydrogen-derived synfuels based 
on magnetic fusion, the U- S. Department of Energy - Office of Fusion Energy has 
established scoping studies in the areas of ( l ) thermochemical hydrogen cycles, 
and (2) high temperature steam electrolysis. In the therraocheraical hydrogen cycle 
area, a joint study has been underway for tnree years at the Laurence Livermore 
National Laboratory (LLNL) and the University of Washington (UW); and for the 
past year and a half the General Atomic Company (GA) has been an active part ici
pant in the study- The thrust of this study is to develop a conceptual engineer
ing design for using a Tandem Mirror Reactor (TMR) as an energy source to drive 
the GA Sulfur-Iodine Cycle and thus to produce hydrogen. In parallel studies, 
the Brookhaven National Laboratory is investigating the prospects for hydrogen 
production by high temperature steam electrolysis driven by a Tokaroak Reactor. 

In this report we summarize El) the progress to date on developing conceptual TKR 
blanket designs as a heat source, (2) adapting the GA Cycle tD the TMR heat 
source, and (3) giving a preliminary assessment of hydrogen production costs. 
This summary draws on the efforts of a number of individual contributors (Werner 
and others, 1981; Werner and others, 1982). In particular, we acknowledge the 
contributions of Richard Werner, Terry Galloway, and Gary Johnson at LLNL; Fred 
Ribe and Gene Woodruff at UW; Gottfried Besenbruch and John Norman at GA; and of 
the consultants Myron Hoffman at the University oi California at Davis, and Don 
Rowe of Rowe and Associates in Bellevue, Washington. 

THE FUSION ENERGY SOURCE 

Therraochemical cycles for hydrogen production can be readily adapted to the use 
of the LLNL Tandem Mirror Reactor design with i t s linear topology and with i t s 
nutput of both thermal energy and high voltage DC electrical energy. The TKR 
design is based on the D-T reaction which produces an energetic neutron and an 
alpha particle, i . e . , 

D + T > n(14.1 HeV) + a(3.5 MeV). 

A schematic illustration of the TMR is shown in Fig, 1. Plasma confinement within 
the central cell , which is HOO TO long, is provided by high-field magnets that 
function as end plugs. The central cell is where the main D-T reaction occurs, 
and a blanket is provided for two functions: ( l ) to breed X as fnel for the reac
tor by utilizing neutron reactions with lithium and (Z) to provide process heat 
for the theraochemical cycle by utilizing neutron moderation and nuclear reactions 
in the blanket* Direct converters located outside the end-plug magnets are used 
to trap alpha particles and to very efficiently convert the ionic charge of the 
alpha particles to high voltage DC electricity and to use the alpha particle 
impact energy as additional process heat. About 202 of the total reactor output 
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Fig. 1. Schematic view of the tandem mirror reactor. 

energy comes from the direct converters, and about 60% of this is in the form of 
DC electricity. In more advanced TMR designs the proportionate amount of direct 
converter power to blanket power may be even higher. 

Adapting thermochemical hydrogen cycles to the TMR is favorable for several 
reasons: 

• The relatively open structure of the TMR central cell lends 
itself well to relatively simple modular blanket designs and to 
good accessibility for process heat utilization. 

• Process heat temperatures and amounts that are required for 
thermochemxcal cycles are within the performance available from 
TMR blanket designs. 

• THE designs provide high conversion efficiency electricity from 
direct converters, A portion of this electricity is available 
for process use in thermocheraical cycles. 

In designing the fusion energy source our emphasis thus far has been on blanket 
designs and on the blanket/process interface. The blanket design studies will be 
described next. 

BtAKKET DESIGN 

Conceptual designs of fusion blankets as heat sources for thermochemical cycles 
have been under study for three years at both UML and UW. Concepts studied at 
LLNL are: 

• Li-Na Cauldron Blanket 
• Heat Pipe Blanket 
• Fixed Bed Li 20 Blanket 
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Concepts studied at UW are: 

• Flowing 1^0 Microsphere Blanket 
« Two-Temperature-Zone Blanket 

Brief descriptions of each of these blanket concepts are as follows: 

Li-Na Cauldron Blanket 

In this design (Werner and others, 19S1) a Li-Na (50-50 a/o) liquid pool surrounds 
the plasma and is maintained at M200 K by allowing the Na to boil at a pressure 
o£ about 1 atm. The heat for boiling is provided by moderation of neutrons in the 
Li-Na mixture with the main heat generation occurring near the plasma first wall. 
The Na vapor is condensed onto heat exchanger tubes located in a dome region above 
the pool, and the latent heat of condensation is transferred to a high pressure 
(XJ5 atm) helium coolant stream for use in the thermochemical hydrogen plant. 
Na is recycled back to the pool for reheating. Tritium generated by neutrons 
reacting with the Li is removed through a Nb diffusion membrane located in the 
dome region above the pool. Modular clamshell type of construction is used for 
the blanket design, with modules about 2 ra wide in order to fit within the sole
noid coil structure of the TMR central cel l . Although the simplicity of operation 
makes this blanket design very attractive, i t does pose two m3in concerns, which 
are: (1) a large vapor volume fraction (^0%) is established near the first 
wall because of the relatively high heat transport that occurs in that region, 
and (2) there are safety concerns associated with an accident involving large 
amounts of hot alkali metals. 

Heat Pipe Blanket 

This design (Werner and others, 1982) which is also modular, evolved from the 
cauldron concept and represents solutions to the main concerns over the cauldron. 
Here liquid Lî yPbg3 is used as the pool fluid to avoid the safety concerns asso
ciated with the reactivity problems of liquid Li-Na. Heat transport out of the 
pool is accomplished using heat pipes (see Fig. 2) in place of the boiling 
approach used in the cauldron. We find, however, that a relatively large number 
of heat pipes are required, and an individual heat pipe is not a simple tube with 
a wick fitted against the inner wall. Rather, the heat pipe structure is quite 
complicated having a flattened tube structure with a sandwich wall where a layer 
of SiC is used as an insulator insert in the wall structure to prevent eddy cur
rent effects on the heat pipe fluid from the TMR magnetic field surrounding the 
blanket. Heat removed from the pool by heat pipes is transferred to high pressure 
helium for use in the therraochemical cycle. The heat pipes also serve the func
tion of removing the tritium by utilizing Nb diffusion membranes in the liquid 
LijjPbg3 region to introduce tritium into the heat pipe and a Nb diffusion 
membrane at the far end of thd heat pipe for exit of the tritium. We use the 
heat pipe blanket as the heat source for one of the two blanket options selected 
in this paper to i l lustrate the use of magnetic fusion for thermochemical hydro
gen production. 

Fixed Bgd Li ?o Blanket 

The conceptual design of a fixed bed LijO blanket is currently underway at LLRL 
(Werner, 1982), As presently envisioned) the design consists of a,n array of 
metallic tubes filled with Li2<3 cartridges and cooled on the shell side with 
helium at about 40-50 a tin pressure. The blanket structure is again nodular. 
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Trit ium i s removed from the I ^ O c a r t r i d g e s by using a separate stream of slowly 
flowing helium as a purge gas within the L15O containment tube r eg ion . Heat 
from the main helium stream is t r a n s f e r r e d t o steam through an in te rmedia te heat 
exchanger and the steam ca r r i e s Che process heat Co the thennocheraical p l an t . We 
bel ieve tha t t h i s fixed bed helium-cooled design (although s t i l l in i t s ea r ly 
s tages) should provide the best blanket a l t e r n a t i v e in terras of s i m p l i c i t y at 
design, r e l i a b i l i t y , safe ty , and cos t . 

Flowing LigO Microsphere Blanket 

The flowing Li^O microsphere blanket was i n i t i a l l y designed (Werner and o thers , 
1981) at UW to provide high temperature (M20Q K) heat to the Ehermochemical 
process. Subsequently, i t was used as one a l t e r n a t i v e for the low temperature 
zone £"̂ 900 K) of the two-temperature-zone b lanke t , which i s descr ibed below 
(Werner and o t h e r s , 1982). The o r ig ina l flowing LijO microsphere design uses 
0.4 mm diameter LijO microspheres for the flowing bed. The microspheres flow 
by gravi ty through 10 channels on each s i de of Che plasma reg ion . The channels 
are placed a t increas ing rad ia l d is tances from the plasma center and are sepa
rated by metal b a f f l e s . Flow r a t e s through the channels (M-20 cm/a) a re ca re 
fully con t ro l l ed a t ex i t o r i f i ce s in each channel to give a balanced e x i t tempera
tu re , i . e . , h igher flow r a t a s are used c l o s e r in to the plasma because of higher 
heat depos i t ion . Heat from exi t ing microspheres i s t ransferred to l iqu id sodium 
which c a r r i e s i t to the thermochemicai p l a n t . Heat t r ans fe r i s with a s h e l l and 
tube heat exchanger with sodium on the tube a i d e . Pressurized helium i s an a l t e r 
nat ive to the sodium for heat t ransport to the p l an t . After heat t r a n s f e r , the 
L12O microspheres are returned to the blanket using an Archimedes screw. Tr i t iun 
i s removed from the L i 9 0 microsphere region using a helium purge g a s . The flowing 
l ^ O microsphere blanket presents a s i g n i f i c a n t advantage in providing a r e l a 
t i ve ly safe and simple design by not r equ i r i ng containment of a high pressure gas 
as the coolant for the blanket . The high use temperature of 1200 K, however, pre
sents s ign i f i can t problems of s in te r ing of the U^O microspheres and of i n t e r 
ac t ion of the 1 ^ 0 with the metal b a f f l e s . 

Two-Temperature-Zone Blanket 

In the two-temperature-zo^e blanket , (Werner and o the r s . 1982) a lower tempera
ture zone CVJ0Q K) c lose in to the plasma provides about 70-30% of the process 
heat for the thermochemicai cycle , and a l l of the t r i t ium breeding. The high tem
perature zone is located further out r a d i a l l y from the plasma. I t provides a 
higher temperature (M2Q0 K) and about 20-302 of the process heat for the thermo-
chemicaL cyc le . The design of Che low temperature zone is s imi la r to the flowing 
LijO microsphere design given above, except tha t the temperatures a r e s i g n i f i 
cantly lower. Thus, the s in te r ing problem i s avoided and the ba f f l e reac t ion pro
blem i s reduced. In t h i s l a t e s t design, the heat i s t ransfer red t o high pressure 
helium for use in the process and t r i t i um i s removed with a helium purge gas as 
before. Two a l t e r n a t i v e designs based on l i qu id LijTPbg-j were a l so inves t iga ted 
in place of the Li^O for the low temperature zone. In one, l iqu id L i i iPbgi i s 
pumped through flow tubes surrounding the plasma. In the o the r , high pressure 
helium i s pumped through tubes in a s tagnant LijyPbg3 pool. In these l e t t e r 
cases , heat i s t r ans fe r r ed through an in tenned ia te heat exchanger to high pressure 
helium for the thermochemicai process . Heating i s provided in the high tempera
tu re zone by moderating and absorbing neut rons in Ta rod bundles t h a t a re placed 
ins ide of tubes t h a t carry the high p ressu re helium coolant . Two vers ions of the 
two-temperature-zone blanket are i l l u s t r a t e d in F ig . 3 . The two-temperature-zone 
blanket i s the second of the two blanket design options that we have se lec ted in 
t h i s paper to i l l u s t r a t e the use of magnetic fusion for thermDchemical hydrogen 
product ion . 
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Fig , 3 . Two versions of the two-temperature-zone blanket 
a re i l l u s t r a t e d . The low-temperature zone in the 
diagram on the l e f t u t i l i z e s flowing I ^ O micro
spheres for heat removal, whi1.e in the diagram on 
the r i g h t , flowing l i q u i d L i ^ P b g j 15 used. 
Helium i s passed over a Ta moderator i - i/ie h igh -
temperature zone in both c a s e s . 

TMK/SO3 DECOMPOSER INTERFACE 

For the two blanket op t ions se lec ted for i l l u s t r a t i o n , ( i . e . , heat pipe b lanket 
and two-temperature-zone b l a n k e t ) , the main d i f f e rence in coupling the THR to the 
CA Cycle l i e s in the manner in which the SO3 decomposer i s des igned . For t he 
heat pipe blanket we use a Joule-boosted decomposer and for the t vo - t empera tu re -
zone b lanket , a f l u i d i z e d bed decomposer. These approaches a re desc r ibed below. 

JouIe^Soosted Decomposer Concept 

One of the most s i g n i f i c a n t recent advances a t LLNL for in t e r fac ing the THR to 
the high temperature s t e p of t^SO^-based thennochemica 1 cycles has been the 
in t roduc t ion of the Joule-boosted decomposer concept and i t s use with the heat 
p ipe blanket (Werner and o t h e r s , 1982). By Jou l e -boos t i ng , we r e f e r e s p e c i a l l y 
t o the u t i l i z a t i o n of e l e c t r i c a l l y heated commercial SiC furnace elements in 
p lace of using a h e a t exchanger t o t r ans f e r process heat t o t he h i g h e s t tempera
t u r e s t ep of a t he nno chemical hydrogen c y c l e , i . e . , in our case the SO-j decompo
s i t i o n s tep in the GA Sulfur-Iodine Cycle. 

The use of Jou le -boos t ing can s i g n i f i c a n t l y lower temperature and m a t e r i a l s 
requirements for t he b l a n k e t , and in add i t ion improve the opera t ion and r e l i 
a b i l i t y of the high temperature process u n i t s in the chemical p l a n t . Tandem 
Mirror React*. ' have a d i s t i n c t advantage in coupl ing with a Jou le -boos ted 
decomposer d e s : p n in t h a t surplus e l e c t r i c i t y in t he d i r e c t conver te r can be used 



to provide a significant fraction of the electrical requirements for the decom
poser. In future D-D cycle fusion reactors, sufficient net electricity ("1-252 of 
the total output powsr) could be available to provide all of the electrical 
requirements for the Joule-boosted decomposer. We therefore view the Joule-
boosted decomposer concept as an important step forward toward achieving the 
Fusion/Synfuels t i e . 

The moat important advantage of the Joule-boosted approach from the TMR blanket 
standpoint is that the temperature requirements for the blanket are reduced by 
about 200 K, This greatly reduces the severity of a number of materials problems 
for the blanket, especially in regard to naterials corrosion and materials creep 
strengths. Corroaioti and creep strength are design limiting factors for many 
blanket designs, and they are materials characteristics *l,"~ degrade exponen
tially with increasing temperature. Hence, the reduction "-nket temperatures 
by 200 K is a major change, and puts us into a new regimt ore reliable and 
lower cost materials can be utilized in blanket designs. 

The Joule-boosted decomposer (see Fig. 4) is used in the chemical plant to 
decompose SOi into SOT and C .̂ The decomposer design is relatively simple. 
Electrical power is supplied to commercially available SiC heating elements 
arranged in an array with the decomposing gases passing through the array. 

-— SOj-O, 'H-O 

^ 

Fig. 4. Schematic i l lustration of the Joule-boosted SO3 
decomposer design. 
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Electrodes are cooled in isolated end chambers, and the vessel consists of a 
s i l ica brick-lined Teflon-coated steel. The heating elements are operated at a 
temperature of M250 K, which is a very conservative temperature for SiC, and the 
gas which consists of SO3, S0 2, 0 2 , and H90, is at a total pressure of 7 atra. 

In considering further the advantages of the Joule-boosted decomposer in the 
chemical plant, we find the following: 

• A Sic furnace decomposer unit is simpler, more reliable, and much 
lower-cost Chan a heat exchanger unit for providing heat for SO3 
decomposition. SiC furnaces have proven to be reliable low-cost 
designs through many years of use, and recent work at Oak Ridge 
National Laboratory has shown excellent compatibility of SiC with 
the gases present in the SO3 decomposer (Tiegs, 1981). 

t The Joule-boosted decomposer gives higher decomposition yields for 
SO3 than with a heat exchanger design CVMJl vs 602). This means 
less recycle of SO-,, smaller and less costly equipment for a 
number of process units, and reduced pumping pouer tor circu
lating of chemicals. 

• There is no need for a catalyst in the Joule-boosted decomposer, 
since i t operates at a sufficiently high temperature (M250 K) 
that SO3 decomposition kinetics are rapid. This not only reduces 
costs but improves rel iabi l i ty . 

• The Joule-boosted decomposer provides the best possible safety 
isolation of the chemical plant from the blanket, and vice versa t 

i . e . , the chemical plant is isolated from tritium in the blanket, 
and the blanket is isolated from 0 2 and corrosive sulfur-
containing gases in the decomposer. 

A disadvantage of the Joule-boosted decomposer concept is that the efficiency for 
hydrogen production is reduced compared to a heat exchanger approach because of 
the need to provide additional electrical power. However, since only about 202 
of the total fenergy for the GA Cycle is required far SO3 decomposition, the use 
of additional power does not seriously reduce the uverall cycle efficiency. 
Furthermore, the reduced requirement for pumping power for recycle of chemicals 
as compared with a heat exchanger approach, partially offsets the electr ical 
needs. In the final analysis, we believe that the gain in rel iabi l i ty and safety 
of the Joule-boosted case more than offsets the decrease in efficiency. 

Fluidized Bed Decomposer 

Sy coupling a fluidUed bed decomposer to the high temperature zone of the two-
temperature-sone blanket, we find that we can transfer heat to the decomposing SO3 
gas with a relatively small degradation in temperature, as shown in Fig- 5 (Werner 
and others 1981; Werner and others 1982). Thus, using a helium source tempera
ture of I.'?' K in the tube side of a shell and tube heat exchanger we expect to 
attain a temperature of M100 K in the gaseous decomposition products exiting 
from the bed. However* at this temperature decomposition rates are sufficiently 
slow that a catalyst is required. We calculate a 55X decomposition yield of SO3 
at 1100 K by using either a CuO catalyst, or (more expensively) a Pt catalyst on a 
t i tania support. The catalyst is provided in the Form of 0.5 mm diameter spheres 
which also serve as the fluidized particle medium ".n the bed. 
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Fig . 5. Schematic i l l u s t r a t i o n of the r l u i d u e d bed SQ3 
decomposer. 

GA WATER-SPLITTING PROCESS 

Tht; GA w a t e r - s p l i t t i n g cycle (Besenbruch and o the r s , 1980; Norman and o thers , 
1982) may be described by the four equa t ions : 

2 H20 + SO? + x I 2 . H2SO4 

H250^ > H20 + S0 2 + 1/2 0 2 

2 HIV ^ 2 HI + ( x - l ) I 2 

^2 

<2> 

(3) 

(4> 

These equations represent three chemical reac t ions and one sepa ra t ions process . 
In these equations the species HIK r ep resen t s an aqueous complex of HI and I2 
formed by r eac t i on 1, The H^SO, product of react ion I is obcained as a moder
a te ly concentrated aqueous solution which is immiscible with HI^. 

The overa l l process i s divided into f ive sec t ions for design purposes . Sections 
I through IV roughly correspond to the four equations and sec t ion V represents 
the heat and energy transmission equipment required to Tflatch the fusion heat 
source to the chemical process. 

As indicated in the simplified schematic Elow diagram (Fig. 6 ) , there are a small 
nuober of streams which pass between sec t ions thus permit t ing t he indiv idual s e c 
t ions to be designed, to a large pa r t , s e pa r a t e ly . For t h i s e f fo r t (Werner and 
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Fig. 6. Simplified schematic flow diagram of the 1981 
version of the sulfur-iodine cycle. 

others, 1982), the designs for section? I, I I I , and IV were provided hy GA and 
the designs for sections II and V for both the Joule-boosted and fluidized bed 
decomposer concepts were provided by LLNL. 

Design Philosophy 

A stipulation, from the beginning, was that the process design be such that one 
could rationally expect to design, build, and operate the water-splitting plant 
using technology available today. The final design met this criterion* Secondly, 
the process design was to aim for minimum hydrogen product cost rather than simply 
maximum thermal efficiency. Where the net effect of prccess decisions on hydrogen 
cost was uncertain, the decision was made in favor of high efficiency, but high 
thermal efficiency was never knowingly selected ovei low hydrogen cost. 

Section I - Acid Production 

The one cost consideration which dominates the design of section I is the high 
cost of heat transfer equipment suitable for use with the corrosive Hl x solution. 
The least expensive materials alternative, niobium, costs in excess of $200/k£ for 
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fabricated tubing, 
usage 01 niobium: 

Hence, we used the following design techniques to rainimize 

t Cool the recycle streams enter ing section I thus reducing the 
amount of exothermic heat of reaction removed from sect ion 1 to 
maintain the desired o u t l e t slreara temperature. 

• Operate react ion 1 i so thennal iy using excess Iodine instead of 
low temperature to sh i f t the equilibrium towards the products. 

» Use direcL contact between immiscible l iquids or between l iquids 
and gases. 

• Apply enhanced heat t r ans fe r techniques such as two-phase flow 
and sp i r a l - f l u t ed tubing to increase heat t r a n s f e r r a t e s . 

Using the above techniques, a tlow diagram wss developed as i l l u s t r a t e d in Fig. 7-
The majority of chemical react ion 1 takes place in the heat exchanger reactor 
(R101). Here the mixed SOT/C^ stream formed as a resu l t of reac t ion 2, is reacted 
during cocurrent flow with"internal recycle streams containing In, H7O, H..SO,, and 
HI. The exothermic heat of react ion i s t ransferred to the waste heat recovery 
system uh i l e the react ion takes place in s p i r a l - i l u t e d tubes . 

I , H 5 0 

Fig. 7. Schematic of section I, reaction of SOj with 
iodine and water to give H2SO4 and HI* as 
immiscible liquid products. 

\ 
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Part of the Lnreacted SO2 is dissolved in the liquid product of RIOl and the 
remainder must be scrubbed £rom the product oxygen in the primary stripper 
reactor CCI01). The primary function of the stripper reactor is to remove the 
SO-; from the 0̂  by t i t ra t ing with ly according to reaction 1. The second function 
is to act as a direct contact heat exchanger, cooling Che O2 product and pre
heating the water entering section 1. 

Other equipment in section I include the stripper (Ct02) where SO9 is removed from 
the HI phase, the boost reactor (C103) where Che concentration of the H2S0^ phase 
is increased from SQ% to 57% through contact with fresh I? and the secondary 
stripper reactor (C104) where the recycle strip ox/gen is purified prior co d i s 
charge. All of these vessels are fluorocarbon-lined mild steel. 

Section II - Ĥ SQa Processing 

The Joule-boosted and fluidi25d-bed decomposers have already been described, but 
before the decomposition can take place, the sulfuric acid must be concentrated 
from 57? to 98% and the 98% azeotrope vaporised. Fig. 8 shows a simplified ver
sion of the flowsheet for the Joule-bc^sted version of section U . The ftuidized 
bed version is similar except the temperatures are lower* 

p Other cold 
minor streams 

Nlultieffect 
Evaporators SO, + 0 , T = 950KT T = 730Kn 

T = 1050KT 

T = 1250K I 

Joule-
Boosted 

SO. 

Recycle of unconverted S0 3 

Fig. 8. Schematic of section I I , the H2SO4 processing 
step. 
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The sulfuric acid concentration takes place in a five stage multi-effect evapora
tor. Heat input to the evaporator is n a silicon-carbide U-tube heat exchangers. 
Flash drums are constructed from rluorocarbon-lined mild steel. The fluerocarbon 
provides corrosion protection and is itself protected from temperature effects by 
a thermally insulating internal liner made up of silica bricks. Similar materials 
of construction are employed in the h^O^ vaporizer. 

The exit gases from the decampost are first quenched with recycle acid in the 
Joule-boosted case to drop the ttiperature to 1050 K and thus prevent recombina
tion of SO2 and 0^. The gases are then heat e:-:changed with the vaporised azeo-
trope in an Incoloy-80QH recuperator. This metallic heat exchanger is satisfac
tory in the gaseous environment and temperatures involved. At lower tempera
tures, where liquid HjSO^ is present, and at much higher temperatures, metallic 
heat exchangers would be unsuitable. 

Final cooling of the decomposer product gases takes place in silicon-carbide heat 
exchangers in the multi-effect evaporators. 

Section III - HI Concentration 

Both water and iodine must be separated from the HI prior to its decomposition, 
H1PO4 is the agent which aids both separations. By using countercurrent contact 
ot HIx with concentrated Ĥ PÔ  (C302, Fig. 9), water and HI are extracted into 

HI, H 2 D, H 3PD, 

THREE 
STAGE VAPOR 
RECOMPRESSION 
EVAPORATOR 

- M 2 D 

Fig. 9. Schematic of section III, separation of aqueous 
H I X into HI, I21 and H2O. 
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the H^POA-containing phase and iodine is separated out. Iodine is then water 
washed and recycled to section 1. H,F0, lovers the water activity, thus allowing 
the Hl-H-0 azeotrope to be broken, and "I to be dis t i l led away from the H-PO.-H-O. 
This dist i l lat ion is carried out at 9 a tin so that the HI product can be taken off 
as a liquid. 

Phosphoric acid must be concentrated for recycle and this is the most costly 
single step in the GA Cycle, as i t is presently constituted. The water is removed 
in three 3teges of vapor-recorapression-driven flash-evaporation. Both the large 
Hastelloy-C heat exchangers and the compressors that are required for this process 
contribute significantly to the overall cost. 

Section IV - HI Decomposition 

The HI decomposition (reaction IV] takes place at 80 a tin in the liquid phase. 
'Jureactad HI is separated from the iodine product via dist i l lat ion in a Hastelloy-
B disti l lation column (CM)1, Fig. 10). HI and a trace of h^S are removed from the 
hydrogen product before i t is delivered at pipeline pressures of 50 atm. 

S0 3, H,0_ 

HI,H2S 

H 2.H 3S 

MA 
H 2 . HI. H2S 

Hydrogen 
Iodide 
Iodine 

Drflittation 
Column 
C401 

Fig. 10. Schematic of section IV, the HI decomposition 
step. 



16 

ESTIMATED HVDROGEN COST 

Me have estimated the cost of hydrogen for * 4900 mole/s thermochemical hydrogen 
plant driven by a 2930 MW THR (Werner and o t h e r s , 1982)» as described below. 

Costing Procedures 

The cap i ta l cost for the fusion plant was obtained by updating a previous cos t 
study (Henning, 1981) for an e l e c t r i c i t y producing THR. The o r ig ina l s tudy gave 
a range of estimated capital costs to account for uncertainties in the level of 
technology required for the confinement physics designs. We have chosen the high 
cost figure for the presentation here. 

The cost of the thermochemical plant was based upon preliminary equipment sizing 
calculations. Standard chemical engineering costing techniques (Peters and Tim-
merhaus, 1980; Guthrie, 1969) are available for predicting total capital costs of 
chemical plants based upon FOB costs of the major pieces of equipment. Major 
piping runs are treated as additional equipment items. The only piping of signi
ficance was found to be the helium piping and i ts cost was included in the Section 
V costs. An overall facility plat plan was also prepared based on the equipment 
sizing calculations (Fig. 11). 

• f » I f ! I l l 

.Jll in Jil 

Fig . 11 . TMR-synfuels therraochemical hydrogen production 
p lan t plot plan. 
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Correlations are available (Peters and Tiraoerhaus, 1980; Guthrie, 1969) for pre
dicting FOB equipment costs for most of the thermochemical plant. Where the 
standard works could not provide capital costs, as in moat of Section I I and the 
power recovery systems, vendor estimates or other special sources of FOB cost data 
were used. When only pre-1980 costs were available, the industry standard, 
Marshall and Swirt (M&S), equipment cost index was used to estimate 1980 costs . 

It i-J recognized that some of the best costing techniques are maintained as pro~ 
prietary by architect and engineer (A&E), chemical and oil companies. A propri
etary costing method, available at GA was used to spot check costs for a represen
tative number of items. No overall bias could be observed, although variation 
between different types of equipment were noted. 

Capital costs for the TMR and the chemical plant are summarized in Table 1. We 
believe that these cost estimates are within a goal that we set beforehand of ±30* 
accuracy. 

Economic Basis 

A standard costing manual, prepared by Battelle (Schulte and others, 1978) for 
use by the fusion community, was used as a basis for predicting financing costs. 

The time frame for the cost estimate is after fusion-based thermochemical hydrogen 
production has been commercially established, circa 2030-2050. The constant 
dollar financing method (Schulte and others, 1978), with a base of July 1980, was 
used to facilitate comparison with today's costs. For this Financing method the 
interest rate is assumed to be 52 above the underlying rate of inflation with a l l 
results then expressed in terms of the base year. The net result is an estimate 
of the hydrogen production costs which would have been in effect if the plant had 
begun commercial operation in the base year. 

Total capital costs for each section of the thermachemical plant and for the TMR 
are presented in Table 1 for the two different blanket/decomposer combinations 
previously discussed. Total plant investment, which includes financing during 
construction, is given for two different financing methods. The first method 
assumes that the facili ty is completely debt financed by a publicly-owned u t i l i t y . 
The second method assumes that an investor-owned u t i l i t y finances half the project 
through equity and half through debt. Construction time is assumed to be three 
years for the chemical plant and eight years for the TMR. Investment is assumed 
to be linear during the construction period. 

Hydrogen Production Cost 

The cost of hydrogen is given in Table 2 for both blanket/decomposer combinations 
and both types of u t i l i ty financing methods. Operating l i fe of the TMR was taken 
as 30 years as recommended by the Battelle report (Schulte and others, 1975), 
whereas the design l i fe of the chemical plant was taken to be 20 years. Operating 
costs for the TMR were also taken from the Battelle report. Operating costs for 
the the mo chemical plant were based on historical data from the chemical industry 
(Guthrie, 1970), using the cost of an equivalent chemical plant constructed from 
carbon steel as a basis. 

The 10% return on investment is applicable to the equity portion of the private 
u t i l i ty finance cases. Note that this 10Z is in addition to the underlying 
inflation rate. 
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The f inal hydrogen cos t cakes into account a ca lcu la ted 74.42 a v a i l a b i l i t y of the 
combined THR-thermochemical p l an t . A 77? a v a i l a b i l i t y for the THR comes from the 
B a t t e l l e report (Schutte and o thers , 1978). A 9015 stream a v a i l a b i l i t y for the 
chemical plant takes i n t o account 52 unscheduled and 52 scheduled downtimes. 
These quan t i t i e s a re reasonable considering the amount of redundancy t h a t we have 
designed into the chemical p l a n t , and the number of p a r a l l e l t r a in s (usua l ly f ive 
or s ix) used to carry out each of the major processes in the p l an t . 

We have used the energy equivalence of the hydrcgen product, taken as the h igher 
hea t ing value of hydrogen (285.77kj/mole), p lus an added energy of ET loP 
(9.7kJ/male) associa ted with the 50 atm pressure of the hydrogen product t o 
a r r i v e e t values for hydrogen production cos t s of about J12-14/GJ. 

TABU: 1 Summary of Capi ta l Costs - Mt July 1980 

Heat Pipe Blanket Tw> Zone Blanket 
with Joule-Boosted with Fluidized Bed 

Decomposer Decomposer 

Tota l Capital Cost 

Section 1 92.5 
Section I I 97,2 
Section I I I 593.0 
Section IV 58.3 
Section V 368.9 
Tandem Mirror Reactor 1336.0 

2545.9 

Total Plant Investment 

92.5 
136.6 
593.0 
58.3 

243.7 
1336.0 
2460.0 

Public U t i l i t y (1002 debt ) 2841.1 
Pr ivate U t i l i t y (502 debt , 2693.6 

502 equi ty) 

2750.4 
2605.3 

TABLE 2 Hydroge.. Production Costs - Ju ly 1980 

Heat Pipe Blanket Two Zone Blanket 
with Joule i-Boosted with Fluid ized Bed 

Decompc iser Decamp oser 
Public Private Public Private 
Utility Utility Utility Util i ty 

Total Investment - Mi 2841.1 2693.6 2570.4 2605.3 

Annual Finance Charges - Mfc 201.7 100.8 194.5 97.3 
102 Return of Equity 0 127.3 0 123.0 
Annual Operating Cost 
Total Annual Cost 

204.7 
406.4 

204.7 
490.6 

197.5 
392.0 

197.5 
472.3 

Hydrogen Production Cost 
4/GJ 11.95 lt .43 11.53 13.89 
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SUMMARY ASD CONCLUSIONS 

We have found that it is feasible both from an engineering and economic 
standpoint to couple a TMR fusion driver to the GA Sulfur-Iodine Cycle to produce 
hydrogen. By carrying out our current studies on a completely integrated system, 
we have been able to delineate some of the key areas where future work is 
required to improve system reliability and to lower costs. In particular, 
further work is needed on TMR blanket designs and on the HI X purification step 
in the GA Cycle. We believe that our introduction of the Joule-boosted 
decomposer for SO3 decomposition is an important contribution in that it will 
lead to more reliable and lower cost blanket designs in the future because of the 
lowered requirement on blanket temperatures. The cost of hydrogen production 
C£12—14/GJ) that we obtain here is expected to be cost corapetiti/e with fossil 
fuels at the time we expect Fusion to become a commercial reality (in 30-40y). 
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