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THERMOCHEMICAL PRODUCTION OF
HYDRGGEN FROM WATER

Melvin G. Bowman

108 ALAMOS SCIENTIFIC LABORATORY
P.O. BOX 1663
IOS ALAMOS, NM 87545, U.S.A.

ABSTRACT

The advant:yzes of hydrogen as a medium for energy storage, energy

traveanbasion and jaoysible large-scale use as a non-polluting fuel have led to
the concept of o "hydrogen economy., ' However, even if this does not fully
maley iolhoe, e cedi-rating requirements for hydrogen demonstrate that efficient,
low conl metivad3 lor productlon based on non-fossil heat sources will become
exticmely o duet b,

I aerice ] ndvantages for thermochemical production methods have led
to thi- gubhe dion of many conceptual cycles prior to experimental testing and to
etti ‘toney 2 el cost estimates based on assumed data for non-verified processes.

Flni. 14y, however, laboratories in several countries have published details of
cyulis thal hine huen demonstrated by experimental studies.

Tu this puper the chemistry of experimentally valid cycles is discussed in
some detall. Thermochemical criteria for efficient cycles are also presented.
It seems probnble that the development of low-cost processes must be the result
dexperimonts not yet performed. However, valid cycles have been demonstrated

In n varloty of chomical systems and one may hope that an efficient low-~cost pro-
coss will bhe doveloped.

Some cost estimates have finally been made on valid cycles, although mostly
on assumod conditions. At the present time, such studies are most useful for

gulding process improvement, and also to develop methodology for process evalua-
tion,
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INTRODUCTION

Currently there Is widespread interest In the development of a "hydrogen
economy' as nn eveontual solution to many of the problems associated with the in-
creaaing enerpy crisis, Many papers have been published that discuss the ad-
vantages and problemas assocliated with the widespread use of hydrogen as a medium
for cnerpy storage, energy transmission and indeed for large-scale use as a non-

polluting fuel, Nowever, in addition to the potential for a hydrogen economy, it is
fmpostimt to emphasize that hydrogen is a very valuable chemical that is used in
Iz volunme o the production of ammonia ard in chemical processing. Require-
mants for such applications are increasing rapidly and it is clear that an expanded
production of hydrogen will be required in the future even if the "hydrogen economy"
is only pntintly 1calized. It is equally clear that fossil energy sources will become
inadeuate ol that eventually large scale hydrogen production must utilize nuclear

and/ovt selar enorgy for the decomposition of water by electrolysis, by thermochemical
cycles, possibly by photoelectrochemical techniques and/or, perhaps, by hybrid
combhinatlons of these methods.

'The potontial higher efficiency and lower cost for thermochemical methods,
versus the nverall electrolysis path has been rather widely recognized. As a con-
sequence, revoral laboratories throughout the world are conducting programs to develop
thermochemlcnl processes for water decomposition. A large number of thermochemical
cycles havo been conceived. Unfortunately, many have been published without experi-
montal verification of the reactions in the cycle. As a result of this, most evaluations
and/or compurisons of thermochemical processes for process efficiency or cost have
been basod on assumed data or on reaction conditions that have not actually been
achieved. Novertheless, several cycles have now been published where all of the
reactions have been demonstrated experimentally, As a consequence, the develop-
ment of mothnds for engineering and cost analyses for this new technology can be
based on the aciunl chemistry involved in demonstrated cycles. It is probable that
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such engineering assessment will reveal serious problems in most cycles, but

in many cases changes in process flow sheeis will be possible that minimize the
problem identified. It is anticipated that this iterative process will not only lead

to improvements in existing cycles, but also to the development of criteria to guide
the search for and evaluation of new and possibly better cycles.

The purpose of this paper is to discuss the current status of thermochemical
hydrogen processes that are (in the author's opinion) based on experimentally verified
conceptual cycles,

A. _ Chermocherical Efficiency

Processes for tho production of hydrogen will utilize liquid water as the raw
matcrial, Since the standurd heat (enthalpy) of formation of water at 298 K is -285. 9
kJ/mol, the decumposition of liquid water to form one mcle of hydrogen gas will re-
qulre i minhnum onergy Inpat of 285, 9 k. Therefore, in this paper we have accepted
the definition of elficlency udopted by the International Energy Agency 1], l.e., the
ratio of thu theorotien] onergy required (285. 9 kJ) to the total heat input required for
the decomponition procoss. Thus,

E (I 285.9

2) = T AIG

The * & 1" term muat include the heat required to produce any work utilized to
proiole “m decongosition,

1)

B, _The Step AYise lecomposition of Water

‘I'ho baie thormochemistry involved in the step-wise decomposition of water
was publlahed {n 1966 by Funk ard Reinstrom [27. They pointed out that e large AS
value would bu required for the TAS term to equal the AH term in the high temperature
renction of » two-step cycle and concluded that simple two-step cycles would not be
possible for tompoeratures available from practical heat sources. In more recent
years, soveral nuthors have considered the thermochemistry of water decomposition
cycleos nnd osnentially confirmed the conclusions of Funk and Reinstrom. We have also

ated tho nnalysis [3] in order to point out that specific values for the sum of the
£S~ terms and the sum of the AH terms are required for the endothermic reactions
if maximum hent efficiencles are to be realized. These specific and relat.ed values
deponid on the maximum temperaturs at which heat is available and the AG of H20
at the low temperature. Thus, for a general two-step decomposition cycle

B-1. R+AB-RA+BatT

1
B-2,. RA -~ R+ Aat T2

"ideal" ASO and [\llo values are given by

o
ldeal ASO - :E.G_I(A_D)_ 2)
(Tz-Tl)
idenl aH® = AS® xT 3)

2



-3-
For the decomposition of water with T1 = 400 K and T2 = 1100 K, i.e.,

B-3. R+ H20 - RO+ H, at 400 K
B-4. RO -R+1/20 at 1100 K
AS° (B-4y~ 320 3/K, zH(B-4 ) ~ 350 kJ.
It is of interest to consider two-step decomposition cycles for HCl and HBr

since such subcycles are contained in some water splitting cycles. For the reactions
(where R can be a reactant or a reaction),

B-5. R+ 2HCIl -oRC12 + H2 at 400 K

B-6. RCl, -» R+ 012 at 1100 K
or [or thn reetlon

B-7, R+ 21HClI- IR'H2 + Cl2 at 400 K

e WL, R+ H at 1100 K
25" (14..g O B-8) ~ 275 J/K, AH® ~ 305 kJ.

Similaelv, tor the reactions
v, B CcHBY - RB1‘2+H2 at 400 K
0 oo Ry, - R+ Br2 at 1100 K

or for tho rewctions

2
B-12, ll'l-l2 - R+ ]-l2 at 1100 K

A8%B-100r B-12) ~ 160 J/K, aAH® ~ 175 kJ.

B-11. R+ 2HBr -.R-H2+Br at 400 K

Tho stiiking foature of the above analyses are the large ASO values mq(t)xlred
for the decomposition reactions, Typically, reactions such as B-4 exhibit AS™ changes
of about 100 J /K. Thus, it is quite clear that simple two-step cycles for H_O decom-
position will not be c%‘ound (as indicated by Funk and Reinstrom). It is also 02f value to
note that typical AS values for reactians such as B-6 and B-10 are ~ 140-170 J/K.
Thercfore, simple two-step reactions for HCl decomposition (ideal ASO ~ 275 J/K)
should not be expected, but one should be able to find two-step cycles for HBT de-
composition (ldeal AS° ~ 160 J/K).

Exumination of the ideal ASO values emphasizes the value of reactions with
large cntropy changes in water splitting cycles in order to minimize the number of
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reactions required. This, of course suggests gascous reactants or reaction products
to provide the large entropy changes.

C. Thermochemical Cycles From Los Alamos Scientific Laboratory

The Los Alamos program may be described as a combined theoretical and
experimental cffort to develop criteria required for an ideal process and to search
for thermochemical cycles that approximate the criteria. In practice, conceptual
cycles are subjected to experimentation in order to verify the concept (usually, of
course, it is found thut at least one of the reactions will not occur). If the reactions
can be demonstrated, additional data are obtained in order to permit initial evalua-~
tion and also comparison with other cycles. At this point, the cycle is "set aside"
so that new concepts can be tested. Of course, it is hoped that a cycle will be
demonstrated that is o promising that efforts can be directed almost exclusively
to its doevelopment. Despite the fact that two cycles identified in the LASL program
are now und-r additional development at other laboratories, we have not found a
cycle that seemed to merit the commitment of a major fraction of the program effort
to its develepment and to rigorous engineering and cost analyses.

In o search for new thermochemical cycles, we have looked for reactions

with Luge entrvopy ¢hinges as outlined in section B above. In our early program,
we coneeived a possible two-step reaction cycle based on the decomposition of metal
sulfalis 10 to give (wo gaseous decomposition products., Thus:

C-ob S0 G l120(.!,) + MO - MSO4 + Hz(g) (low temp. )

C-t Tn0 -+ MO + S0,(3) + 1/2 0,(®) (high temp. )

Typleal oy (298) values for C-2 type reactions are ~ 280 J/K and the cycle
is concephuldly valid. However, despite an extensive effort, we have been unable to

find conditions where the low temperature reactions will occur.

Also in the early program, cycles were conceived in which a desired oxidation
stato in »n oxide Is stabilized by compound formation with another oxide, We named
such cycles complex oxide cycles and experimentally demonstrated a lithium-ci:rbonate-
magnanate cycle, a sodium manganate cycle and a strontium uranate cycle. The last
two cyclos can he lllustrated as follows:

C-3. GNaOH(§ + 2Mn .0, ~6NaMnO, + 2H,0 + H, (800-1000 K)

C-4. GNaMrO, + 3H,0(¢) ~ 6NaOH(aq) + 3 Mn,0O,, (300-400 K)
C-5. G6NuOli(aq) - 6NaOH(c) (400-450 K)

C-6. 3Mn,0, -2Mn,0, + 1/20, (1100-1300 K)

273 4
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~550°C
C-7. (810) UO(3_X)+ (3-y) STOH), ————s St UO +
(3-y-x)H,O + xH
2 2 - 90°C

C-8. SryUO;+ B-yH 0 ————= (Sr0) U0, + (3-y)ST(OH),

C-9. ($r0) UO; _= 600°C (§10), UO +x/20,

3 (3-x)

In such cycles, It is apparent that at least one of the high temperature steps
involves the formation of more than one gaseous product. The cycles were set
aside sinve lewrhing sleps were included and the resultant carbonate or hydroxide
solutit. ng reguire drying operations and since the hydrogen and oxygen are pro-
duced al leas than atimospherie pressures.

Cemgirloration of sulfate chemistry led to cycles based on four reactions to
form sulluric acid, as follows:

C-10. S()2 + 2010, 0()-H 2SO 4 (aq) + H2 (Electrochemical)

1" (298) + 33kJ/mol. E” = -0. 17 VOLT.

C-11, HO,+ 20+ 12 _.Ilzsoli(aq)+2lll(aq)
N H()z(p,') lh-2 + 2H20 - H2804 + 2HBr
-1 BV [0
C-1. 1/250, +1L,0 » N80, +1/28
'The thevnochemical decomposition of sulfuric acid may be represented

as followa:

Colh IS0, + HO + 80, + 1/20,,

We have studied the decomposition and have found rapid and near equilibrium
decompuosition with suitable catalysts at high temperature (900-1200 K).

Two hybrid electrochemical-thermochemical cycles have been identified and
studied as part of the effort on sulfuric acid. One of these consists of reactions C-10
and C~14 written above., Experimental results were presented to the October 1974
meeting of the Elcctrochemical Society T4]. A second hybrid cycle was identified
in reference [3]. It may be illustrated as follows:

C-15. 850+ Br, + 2H,0 ~H,SO, ., + 2HBT (g)

C-16. 112504“ ) H,0 + SO, + 1/202
C-17. 2HBr(g) Muz(g) + BI, ()
AG(400 K) =+ 112 kJ

E® = -0.58 VOLT
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From our results, we concluded that these hybrid cycles might be feasible. How-
ever, it seemed too early in the search for thermochemical cycles to abandon the
potential additional advantages of "'pure" cycles in favor of hybrid cycles. The cycloes
are now undergoing additional development at othar laboratories and one may expect
an eventual realistic evaluation of their potentials.

1.0 The Sulfuric Acid-Hydrosen Bromide Cvcle
If one forms sulfuric acid by means of reaction C-12 and then decomposes it
at high temporature by means of reaction C-14, the two reactions comprise a sub-
cycle for the formation of hydrogen bromide and oxygen from bromine and water. That
is (using l.'n-z(u) as u reactant),

C--18, 8O () + 13r2(g) + 2H20(£) - H2504(:,) + ZHBr(g)
C-19. 1,80 (f ~ HO(g) + 50,(8) + 1/2 0,(2)
C-20. nct reaction, Br,(s) + H,0(¢) ~ 2HBr(g) + 1/2 O(g)

Reuction C-18 Is ¢xothermic. Reaction C-19 is endothermic with A Hine=+275.3 kJ for
the lormalion of I O(g) rather than H,O(L). 'The theoretlcaloheat requirement for the
net roaction ([‘,I]”,“;l‘) in 182.5 kJ. Therefore, assuming AG = 0 for C-19 and perfect
heat exchange bet'wéen reactants and products, the maximum efficiency for the sub-

eycle is I182.5/26 0, i6.> The value of 275 kJ for reaction C-19 assumes the formation
of lignirl ”._,f‘“,l (ho exeess water) in reaction C-18. Our laboratory experiments have

*P)'nl-.'.s.-hn‘ I'unk [ ] his used ibe term "stage efficiency™ to describe efficiencies of
sub-processos,  We have decided to adopt the name,

producel very concentrated }1280 with the maximum concentration not determined,
It should be pus=Ible to achieve 9&5 HZSO 4 by the reaction [6].

In order to complete the cycle for water decomposition, a process for the net
decomposlition of lIBr is required, i.e.

C-20. 21IDBr(g) ~ H,(g) + Br,(g).

The theoretical heat requirement for this second stage is 103.4 kJ. Therefore, since
the major heat requirement is in the first stage and since its potential efficiancy is
quite high, the stage efficiency for a process to decompose HBr could be rather low
and the efficlency of an over:ll water splitting process still be relatively high.

One conceptual cycle may be described by the following reactions.

Low Temperature Heat Rejecting Reactions

C-21, 2[120 + 502 + Br2 -112804 + 2HBr (Water absorption)
- -2R
Cc-22, 2RBrx + 2HBr ZI.Br(x+1) + H2 (Hydrogen release)
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High Temperature Heat Absorbing Reactions
C-23. H_SC,-» SO_+H,O0+1/2 o, (Oxygen release)

274 2 2

C-24. 2RDr - 21’{Brx + Br

(x+1) (Bromine regeneration)

2
In principle, this cycle could . more efficient than the other sulfuric acid
cycles under study. Reaction C-21 yields nearly 100% H280 rather than ~ 50%
H 2SO that is formed in the other cycles. Thus, the rather argeoheat requirements
for "5‘ rying" sulfuric acid can be avoided. In addition, typical AS for metal bromide
decompositions are very near the value required for an "ideal" two-step decomposition
of HIBr., From literature data, the VBr_-VBr_ covple and the CrBr,_-CrBr, couple
have I-Io values near the value requlre3 for tf?e efficient decomposiﬁon of HBr. How-
ever, in hoth cases the low temperature reaction of HBr with the d'sromide (to evolve
H,) Is far loo slow,

Recently, satisfactory reaction rates were demonstrated for reactions involving
chromium bromide hyvdrates [7]. However, the heat requirement for dehydration appears
to he too high for an fflcient cycle. Several interesting (perhaps promising) methods

for 13 v docomposition are still under study. However (except perhaps for electrolytic
docomposition), ve hiave not achieved a really satisfactory HBr sub-cycle. The program
is continuinge,
2.0 sulfuric Acld-Sulfur Cycles .
I ¢ 1ois sulfurie acid by means of reaction C~13 and then decomposes
it as inctead .ot in v wction C~14, the two reactions in effect form a sub-cycle for the
decoy-ositlon of one<half mole of soz. Thus:

-5, 4/2 &02 + H20 - 1{2804 +1/28
4~ H0+80,+ 1/202

net reaction: 1/2 SO2 -1/28+1/2 O2

C¢-26. H_80
Z

Reaction (! -25 actually represents equilibrium in the SO 2-H O system (8] and although
the reaction rate is extremely slow, it 1s possible to use cafalysts and achieve aaequate
rates. ‘Ihis reaction can then form the base for a large number of thermochemical
cycles, In the LASL program, many reactions have been studied that effect the second
stage of tho cycle (l.e., the net reaction of S with 11_O to produce SO, and H2). These
reactions have heen described in previous publications [9,10 ] and wﬂf not be reproduced
here. Two of the cycles have been subjected to a preliminary engineering analysis by
the General Atomic Co. 11]. This strciy indicated o high capital cost. In view of this
and the fauct that some of the reaction steps are 'difficult”, the cycles have been ''tahled"
for the present.
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3.0 The Cerium Chloride Cycle
This cycle may be written as follows:

C-27. 2CeOCl + 2H,0 -2Ce0, + 2HCl + H,, (~ 1250 K)
C-28. 2Cc0, + BHCI ~2CeCl, + 4H,0 + Cl, (~ 500 K)
C-29. 2CeCl, + 2H,0 ~ 2CeOCI + 4HC1 (800-900 K)

C-30. Cl,+H,0 ~ 2HCl+1/20, (900-1000 K)

Experimental studies of reactions in the cycle may be summarized as follows:

(a.) Reaction C-27 exhibits a very rapid reaction rate at 1250 K, but the
renction equilibrium leaves about 11 moles of unreacted H_O for each mole
of il, produced. Despite this, it seems necessary to add ac?ditlonal HZO to
the reaction products in order to separate the H, from HCl. The resultant
1CL in solution must be separated from the Hzo a separace step. This is
ono of the naerious problems in the cycle.

(h.) Reaction C-28 has been found to decrease with time in the temperature
e where equilibrium ylelds are most favorable. However, it is apparent
that eqnilibyium yields should increase with increasing reaction pressures

andd initinl rosults from the difficult high pressure studies indicate not only

the e bed increase in equilibrium, but also an apparent very large increase
tw 1eaciio e rates even at lower temperatures. It is still not certain, however,
than :m a-leguate reaction rate can be achieved with the rather refractory
¢ty produced in reaction C-27.

() Nuaction C-29 exhibits rapid reaction rates and excellent yields at the
iundicaued temperatures.

(1.) Reaction C-30 is the reverse Deacon Reaction. The reaction occurs at
high temperature where the reactants are the products of reaction C-28.
Agaln, however, the addition of H_O to the effluent from reaction C-30 seems
nocuessary In order to separate the O, and unreacted Cl2 from the HCL. The
extra HZO in the cycle 1s disadvantageous.

In principle, a two-step reaction sequence can be substituted for the reverse
Deacon Reaction. Ulrichson [12] has conducted preliminary studies on the following
reaction pair.

C-31. MgO (s) + Cl,(g) ~ Mg Cl,(s) + 1/2 Oy(8)  (600-700 K)

C-32. Mg Cly(s) + H,O(g) ~ MgO (s)+ 2HC1 () (> 8O0 K)
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His results indicate that the reactions will be feasible. Recently, Martin [13] has
suggested the use of CeQCl to replace MgO in the above reactions. It seems probable
that similar reaction sequences can be used to separate H_ from HCI in the effluent

from reaction C-27 above. Using CeOCl for both purposes, one can write a revised
ccrium chloride cycle as follows:

C-33. 2CcOCl+2H,O - 2CeO,+ 2HCl1+H

2 2 2
C-11, CeOCl+ 2HCY - CeCl3 + H20
=0l T ' ' —
C-a%  CrOCl+ c12 CeCl3 +1/2 02
G306, 200 »2 + 8IICl - ZCeCl3 + 4!120 + Cl2

C-37. -'1(.?(3()13 ‘+ -1][20 —~ 4CeOCl + 8IIC1

The: vaviations of the cerfuin chloride cycle will he tested experimentally and finally
compared through Aow sheets and cost estimutes based on experimental results.

4.0 Cerjum Chloride-Carbonate Cycles

In & continuing study of cerlum chemistry, all reactions have been
verified for a eyele desceribed by the following reactions.

-8, €L P10 - 2HCL+ 1/20,
C-a o4 BHCT - ZCcCl3 +4H O + Cl2

]
C--10, :;r.'mjl:j + 3H_O - 3CeQCl1 + 61Ic]

-1l aCenCl+ 3002 - Cez(Coa)3 + CeCl3 (solution)

G-t (,(-.2(C03)3 +HO - 20002 + 3C02 +H

2 2

If the moist or hydrated Ce_(CO,,), from reaction C-42 is heated In the absence

of additionul water, the decomposition Rv?th increasing temperature) may be described
by the following reactions.

C-43. Cc,(CO,), + H,0 - 2Ce(OH)CO, + CO,,

C--14. 2(‘-(:(OI*I)C03 - Ce 0,CO_+H,O0+CO

272773 2 2
‘wddn \ -
C-i15, CLZOZCO 2C002 + CO

3
It 1s interesting to note that the cycle is capable of "splitting' either H_ O or

CO,. However, one must also note that the sum of the ASO values for the endothermic

hydzrolysls reactions and the sum of the ;. s° values for the endothermic carbonate

decompositiun reactions are each sufficiently high for a water splitting cycle with

maximum temperatures near 1100 K. Therefore, for the overall cycle, the AS and

AH values are not optimum for a highly efficient process, In addition, the removal

of CeCl3 from solution represents an additional endothermic step. However, these



disadvantages are partially compensated by the lower maximum temperature required
(perhaps 800-850 K). Therefore, if a source of less-costly, low tempcrature heat

is nssumed for the solution drying step, the cycle might be competitive on a cost
basis. Actually, in our continuing experimental program attempts are being made

to combine reactions or to find substitute paths that require less hoat.

D. Unique Cycles From U.S.A. Programs

Thermochemlieal hydrogen programs at Argonne Nations JTy, at
Lawrence Livermore Laboratory and at Oak Ridge National Lz nave each
prodar <l thecmochainical cycles that are each different in type . .u.n cycles undr.r

develupment at othey laboratories. In each case, the cycles have been (lemonstrated
exparimentally and merit serious attention.

D-I.  Argome Matioaal Laboratory

The progeam at ANL "is directed toward the invention, the experimental
inveastigalion and the bench scale assessment of thermochemical water splitting cycles."

At the present thine, the program seems to be directed primarily to the develcp-

ment ol demonstiation of the ANILL-4 cycle. ‘This cycle may be described as follows.[lll] :
D-L-1. 0 21 0 2N!I3 + 2002+ 2KI -~ 21([]003 + 2NH41 (330 K)
D-I-20 wRTIC v:‘ - K2C03 + 002 + 1{20 (430 K)
DAt uNU U+ Hig - Hy + 2NHg + Hgl, (700 K)

oL, |ch03 + ngI2 - 2KI + Hg + co2 +1/2 o2 (900 K)

he wockers at Argonne report that all reactions can be carried out under
conditions whero reasonably rapid rates are obtained and the yields of the high-
temperaturo reactions are essentially 100%. The highest temperature required is
900 K. ‘'The chemistry of the reactions follows the equations and there are ro harmful
side reactlons. ‘Thus, ANL-4 belongs to the relatively small and select group of cycles
that can actually he conducted in the laboratory.

The program at Argonne is continuing. Alternative reactions that do not utilize
mercury are being studied and methods are being sought for minimizing heat require-

ments for drying solutions.

D-II. Lawrence Livermore Laboratory

The program at LLL for developing processes for thermochemical hydrogen
production has involved chemical systems significantly different than those studied by

other investigators. A cycle based on the formation of ZnSe and ZnSO 4 has been
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described by the Livermore Group for which all reactions have been demonstrated
experimentally [15]1. The cycle may be described by the following major reaction
steps.

D-1I-1.  27n0(s) + Se(y) + SO, (g) ~ZnSe(s) + ZnSO,(s) (800 K)
D-1I-2. 2ZnSe(s) + 2HC1(g) ., 2ZnCl, (aq) + H,Se(g) (350 K)
D-I1-3. Zn(.‘.lz(aq) + SOa(g) + H20(¢) - ZnSO4(s) + 2HCl(g) (400 K)
D-II-4, 2/nSO (s) ~2ZnO(8) + SO, (8) + SO,(E) + 0.5 O,(8) (1200 K)
D-II--5. I-lzse(&:) - Se(r) + Hz(g) (750 K)

Engineering .«d prelilminary cost analyses by the Livermore group revealed
the disadvaniage that mmost of the heat requirement is for the decomposition of two moles
of Zad (veaction D -1[-4).  Since this occurs over a narrow temperature interval near
the maximin temperalure available, it is a serious difficulty where heat must be ex-
tracted Tvom a hoat ¢xchanger, e.g., where a nuclear reactor!is the heat source. As
a result of this, the [Ivermore workers have made modifications of the cycle to minimize
the dbpdvant gaes [I‘;]. The modified cycle may be described by the following major

vend v sloepes,

Db e)(8) + Se(g) + Soz(g) -~ ZnSe(s) + ZnSO4(s) (800 K)
N Sroes) + 2HCL -.ZnClz(aq) + ste(g) (340 K)

Nk -".nl'lz(s) -ZnClz(I.) (5690 K)

Do, '.’.m!lz(v.) + Hzo(g) ~Zn0(s) + 2HC1(g) (900-1000 K)
b, 7.uh'04(s) -Zn0O(s) + SOz(g) + 0.5 Oz(g) (1160 K)

n-L-11. IIESe(g) - Se(s) + Hz(g) (750 K)

In the new verslon of the cycle, only one mole of ZnSO, is decomposed at
the high temperature (rea” on D-1I-10). The ZnSe is saparated from the Z:'IS()4
before It is reacted with HC1 (reactlon D-11-7). The hydrolysis of one mole of
ZnCl (reaction D-T1-9) not only occurs at a lower temperature than reaction
D—Il-an, bul also requires less heat than the decomposition of one mole of ZnSO
for which 1t substitutes. Therefore, the new cycle will exhibit higher efficiency.

‘I'ne progress revealod by the two Livermore cycles s considered to be
an example of how lnnovative changes in chemistry can improve cyclos after
specific problems have been revealed by engineering analyels,
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D-III. Oak Ridge National Laboratory

Workers at ORNL have worked principally on a type of cycle involving the
formation and "hydrolytic" disproportionation or decomposition of mixed oxide com-
pounds. The strontium chromate cycle is an example of the cycle type [177. It
may be written as:

D-II-1. Cr,O, +4ST(OH), » 281C10, + 3H 0 +H,  (~ 1000K)

4 2
D-II-2. 28TCrO, + 4/3 Sr(OH),, - 2/3 Sr. (CrO,), OH + H,O + 1/2 O, (~ 850 K)

D-UI-3.  281,CrO, + 2/3 St (CrO,), OH + 5 H,0 - C1O, +
281C10, + 16/3 Sr(OH), (400 K)
All of the reactions have been demonstrated experimentally. Efficiency eatimates
cannot he made until the thermoch-uistry of Sr (CrO )3 OH has been determined. This
determinatlon 13 now under way.

Moy anel interesting cycles of the same general type are being evaluated at

ORNL. 'InY.
L. Uy eles Cominon to Several Programs

‘I'hetre v Jeur thermochemical or hybrid processes under serious develop-
ment and e aluadi :a by more than one laboratory worldwide. These are: The Iron
Chlovidis Cyvels, t'he Sulfurie Acid-Hydrogen Iodide Cycle (the General Atomic Co.

" Prina Cyele™y, ‘Tho Sulfuric Acid Hybrid Cycle, The Sulfuric Acid-Hydrogen Bromide
Hybvid Cyelo,

E-I. Dron Chloride Cycles

Soverul different versions of the iron chloride cycle have been published by
Laboratories inliurope, Japan and the U.S.A. Apparently, the cycle was originated
by Pungborn nnd Assoclates at the Institute of Gas Technology and of the many versions
published, tho IGT B-1 cycle seems to be the only one fully verified by extensive
experimental studles. The cycle may be written as [197].

E-1-1. 3FeCl, + 4H,0 ~Fe,0, + 6HCl +H, (800-1200 K)
E-1-2. Fo,0, + ch1 ~ 2FeCl, + FeCl, + 4H O (400-800 K)
E-1-3. 2FeCl, - 2FeCl, + cl2 (500-700 K)

E-I-4. Cl,+H,0 - 2HC1 +1/20, (900-1200 K)
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The disadvantages of the cycle incluue: 1) The problem of separating
H,_ from HC1 and unreacted H _O from reaction E-I-1. 2) The fact that gaseous
Fezcl 6 sublimes along with the formation of Cl_ in reaction E-I-3 and, since
Fe_Cl_ does not decompose, the decomposition of FeCl,, is a difficult step in the
cycle. 3) The problem of separating C12+szrom the HC1 + H20 in reaction E 1-4.

Workers at the Furatom Joint Research Center, Ispra, Italy, have apparently
discontinued development of the cyele [20,217. Primarily, because of the difficulties
with reactions Ii-1-1 and E-I-3, but also because of their greater interest in their
Mark-16 cycelo (ace bhelow). Development of the cycle is continuing at IGT where
workers have invented a clever diffusion-based method for separating Cl from Fe Cl
and promoting reuction E-I-3 [197. Knoche and co-workers at the RWTH, Aachen,
West Giermany, are also continuing to develop the cycle. In their latest modification
of thae ¢yele, Knoche and co-workers (227 have achieved some success in combining
reactions E-I-2 and -1-3 (above) by moving the Fe_O, up an increasing temperature
gradient while the 1C1-H, O gas mixture flows in a counter direction. They are also
attempting to nvoirl the dilficult M, separation step associated with reactior E-I-1 by
conducting tho venction in two steps, 1.e.,

15, 14Cl, + 3H,O - 3FeO + 6HCI (High Temp. )

E-l-60 3000 ll2() - Fe:’o4 + H2 (Medium Temp. )
The thrmation ot e O in reaction E-I-4 is prevented by the presence of some II_.
This, topether with some HC1, is rocycled into the reaction without a complete
separation step elug nocessary. In principle, the '"clean' hydrogen from reaction

E-I-6 ¢in b evolved at fairly high pressure.

E-I. 'The General Atomic Co. Prime Cycle

At the First World Hydrogen Energy Conference (March 1976), the General
Atomic Co. prosented their Sulfuric Acid- Hydrogen JTodide cycle that had been kept
"propricinry" until that time [237. The cycle may be written simply as:

E-m-1, "20(“ + 212(s)+ Soz(g) - H2804 (sol) + 2HI (sol)

E-Il-2. 11,80, « H,0 +80, + 1/20,

E-I[-3. 2HI -~ H2 + 12

Several laboratories had considered the cycle, but credible methods for
separating 111 from the sulfuric acid solution were not suggested. The critical

disccvery by G.A. was that with excess I_ and excess SQ_, two liquid phases are
formed. Tho 112() - H280 4 phase contains nearly all the ﬁzso 4 and the Iz-Soz—Hlx
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(higher density) phase nearly all the HI. After physical separation, the sulfuric

acid must be dried (concentrated) before it is decomposed at high temperature.

Rather extensive drying, distillation and recycle operatio:us are the principal dis-
advantages of the process. The availability of iodine and u system for adequate

iodine recovery may also prove disadvantageous. However, overbalancing these
disadvantages, perhaps, is the potential for a continuous process involving essentially
only liquids and gases.

Prior to the G, A, disclosure, workers at the Euratom Joint Research Center
(Ispri had discovered essentially the same method for separation of the H_SO 4 and
H1 [roe the reaction E-1[-1, Vigorous development of the cycle is contlmfl.ng at both
Lahoratorivs. ‘I'he work involves corrosion studies and the evaluation of proress
equipsuent and contiiners as well as attempts to improve yields via process conditions.

E-HL.  Tho Sulfuric Acld Hybrid Cycle

As Indicatind above, this is one of the hybrid cycles studied early in the LASL
Progrian, The "twvo-slep" cycle may be writton as;

eloct.

I5-11-1, .'%l)? 1 2H,0 ———— H,SO +H

2 4 2
1= -0,17 V for IM SO, und 1 atm. SO2

2774

A, S0 - HO + 80, +1/20,

Warkers at the Westinghouse Flectric Corporation are concentrating on
devoloplng the eyele, ‘They have made excellent progress in expecimental programs
to hinpreve the electrolysis reaction and have achieved higher current densities at
higher sultnele aceld concentrations than those reported earlier by LASL. They have
also conducted extensive studies on the catalytic thermal decomposition of sulfuric
acid., ‘I'bolr results demonstrate this reaction can be a part of a technological process.
Many Imporiant features of the Westinghouse Program were included in four papers
presented at the IMirst World Hydrogen Energy Conference (24, 26,26,27].

In a rocent Progress Report (28] Farbman reportfd that for 50 wt% sulfuric
acid procduced ut 25°C and current densities of 2000 A/m", total cell voltages of 800-
900 mV for the eloctrolysis step appear attainable. Eventually, the Westinghouse
workoers hope to nchjeve their "target' conditions of 76 wt% sulfuric acid at a current
density of 2000 A/m" and a cell voltage of 450 mV.

The Westinghouse workers have estimated the cost of hydrogen produced by
the hybrid cycle; ussuming their "target" conditions and assuming what may be
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described as an advanced method of power production [29]. They derived a very
optimistic cost of $4.65/GJ (see cost section below). This may be the reason why

the cycle has achieved popularity. At any rate, the Julich Nuclear Research Center

in West Germany has initiated a large developmental effort on the cycle [30]. Workers
at the Kuratom Joint Research Center in Ispra are maintaining an active interest in
the cycle [21] and it is reported (so far unsubstantiated) that a large program on the
cycle Is now under way in France.

E-IV. The Sulfuric Acid-Hvdrogen Bromide Hybrid Cycle

The possible advantages of this hybrid cycle, versus the sulfuric acid hybrid
have boen mentioned ahove (Section C-1), The electrolytic decomposition of HBr is
the key step. Development on the cycle is continuing at Euratom-Ispra {21,31] and
the Institute of Gas Tcrhnology is conducting a small program to eva.lua.l;a the electrolysis
stop [8:2].

| O ‘rher mochemical Hydrogen Cycles From Japan

‘Chora appsurs to be a serious effort in Japan to develop thermochemical
proceuses for hydropon production, Many conceptual cycles have been published and
these inelurhe o st of the reactlons and cycles published by other laboratories through-
out. tha worlil Thesa cyecles will not be reviewed here. However, attentlon should be
drawn o lwo of the cyeles since they are not only differeat from cycles under serlous
con ddesvadon b other countries, but are also based on experimental studies. One of
thos eveles ia o Leeneid photochemical-electrocherniizal cycle designated Yokohama Mark
5 by Obta ol oo sorkers [33]. It may be written us;

N P 12 + H,SO 4" I-ez(SO 4)3 + 2HI  (Photochemical)

-2, 2l - llz-o I, (Electrochemical)

Y-3.  Fe,(SO,)g H,O = 2FeSO, + H,80, + 1/20, (Electrochemical)

The authors have identified several serious problems that must be sclved before the
cycle can npproach practicality, Nevertheless, it 1s possible that the problems could
be solved or that the unique approach could be applied to different systems.

A second Japanese cycle is the calcium-lodine cycle described by Fujii and
co-workers (31]. It may be written as:

-4, 1,2Ca0 + 1.2 12 - 0.2 Ctl(IOS)2 + Cnlz(aq). (376 K)
¥F-b. 0.2 CEl(Ios)2 - 0.2Ca0 +0.2 Iz(g) + 0.6 Oz(g) (825-1075 K)
F-0, Cnlz + H20 - CaO + 2HI (776-976 K)

F-7. 2HI-H,+1, (675-975 K)
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Thesc equations oversimplify the cycle, for example the HI formed in reaction

F-6 is partially decomposed during the reaction. However, the difficulties with the
cycle are recognized by the authors, they have been evaluated in what appears to

be a sound experimental program, and the cycle apparently is considered to be a
sand candidate for further development.,

G. Heat Sources for Thermochemical Processes

Most discusslons of thermochemical hydrogen production tacitly assume that
heat will be supplied by decicated high-temperature, process-heat reactors. For a
process to be efficient then, its heat requirements must match the heat delivery
characterlstics of the reactor. Engineering aualyses under this assumption very
quickly reveal that fsothermal endothermic reactions near the temperature maximum
are very undeslrable steps. TFurther, solution drying steps are very disadvantageous
if the necessary heat must be derived from the primary high-temperature source.
Therefore, ot this time it is important to emphasize the fact that after 3-5 years of
developmont in several countries, essentially all of the cycles that have been demon-
strated exporimentatly contaln solution drying or solution concentration steps. There-
fore, il secus rensonable to suggest that thermochemical hydrogen plants be located

whotre they conbe enmbined with systems that yield low-temperature heat as a by~
prodi -,

Sulare encrgy heat sources are sometimes mentloned for use with thermochemical
eyclea, Watally it 1 assumed, at least tneitly, that they will be too expensive. This
mav b G, Ingt s olae towers, mirrors and trough concentrators are gotting cheaper.
Theretaee, Wy velovant to note that for a solar heated process, low temperature heat
citn paobably b livered at significantly lower cost per unit of heat than heat at the
maxhumn tepesoture, Thus, solution chemistry may be more useful. In addition, an
fsother sl step near the maximum temperature may be a very useful way of absorbing

high tomperatn e hicat from a solar tower.™ Certainly, it seems prudent to seriously

———— 1 ot -

n
This potontlual advontage of solar heat was first pointed out to the author by Jon Pangborn
and John Guhimer of IGT during discussions of their cadmium hydro ide hybrid cycle [35].

(and continucualy) consider the possible adaptation of solar heat sources to thernio-
chemleal proceuses.

In tho long run, magnetic fusion reactors or laser fusion reactors mey
becomo avallable for snythetic fuel production., Such reactors, in particular laser
fuslon reactors, may be advantageous for coupling with thermochemical processes since
rathor largo quantities of 1 -cycle power" must be used and, hence, significant quantities
of low temperature waste h .ut can he available, For exampl:, in a current conceptual
desigu of u luser fusion reactor [36] with a power production efficiency of 60%, approxi-
mately 367 of that power must be recirculated, primarily to fire the lasers. Thus,
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systems including such reactors will always be a source of heat that could be used
in low temperature applications.

H. Estimates of Costs of Thermochemical Hydrogen

In discussions of thermochemical processes, the question of costs usually
is asked quite early. In one sense, the questions are premature since this new
technology Is only In the initial definition stage. Nevertheless, cost is an important
guestion and curly nttempts at cost estimates are valuable not only as a means to
devalop the methodology for eventual realistic cost estimates, but also to guide experi-
menta! dovelopment programs, Up to the present time, most cost estimates have been
made: I'hr coneeptual cycles that have not been validated experimentally. The cost
estinutas given below wore made for cycles that have been proved by experimentation
even though conditions assumed for the different reactions are for the most part pro-
jected condittons that have not actually been adequately demonstrated in an experimental
program, Thas, it is difficult to detoermine whether a particular cost estimate is optimist
or pessimistie siuvee a knowledge that conditions are uncertain can lead to conservatism
in cquipiment estimates,

Table | comtalng a few estimates of the cost of hydrogen produced by electrolysis.

No attempt bas heen made to select estimates where uniform assumptions have been
mivle,  Jnoench caue, the nuthor used assumptions that he deemed appropriate. Table II
confitins eslimates of the cost of hydrogen produced by thermochemical cycles whose
ressctians sie bnown to occur in the laboratory. Cycle a is the hybrid sulfurie acid
process. Cvelis big o thermochemical sulfuric acid/methanol process that is described
in refinvence 12 and 43 and cycle ¢ is the thermochemical sulfuric acld-hydrogen iodide
cycle b developed by the General Atomic Co. and by Euratom-Ispra.

TABLE I

COST ESTIMATES FOR ELECTROLYTIC HYDROGEN

Current Advanced Dollar
Author Reference Technology Technology Type _
g:ﬁ:ﬁ;wsk | a7 $9.36/G3  #.81/GJ Mid-1975
Steeman 38 6. 50 - 1975
Broggi 39 9.76 7.48 1975
Farbman 29 6. G5 - Mid-1974

Nuttall 40 - 6. 08 1976
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TABLE I

COST ESTIMATES FOR THERMOCHEMICAL HYDROGEN

Dollar

Author Reference Cycle _Cost Type Note_
Steeman 98 a g7.18/CJ 1975 1
Fartnaan 29 a 4.65 Mid-1974 1
Kuncle: & Fuuk 41 a 7.16 Mid-1976 1,2
tank & Knocho 43 b 11.65 Mid-1976 2,3
Bropi 39 [ 5.95 1975 4

Notee 1, All of 1he cost ostimates of the hybrid sulfurle acid cycle were based on the
Waoslinghowse "aepet” conditions rather than tho much less favorable conditions that

have hoen achisy . d In the laboratory up to the present time (see Section E-IH).

Mottt the methadology for the cycle evaluation developed by Professor Knoche
and Professor Punk will be very useful for evaluating cycles, particularly initial
and compinrative evaluations., The authors themselves stress the value of the method
for Indicating directions for improving flow-sheets and processes. Thus, they stress

that the sulfuric acid decomposition step in both cycle a and cycle b can be improved
and coshs lowered.

Notc 3. ‘I'ho cost of 11, 65/GJ for the methanol-sulfuric acid cycle given in reference
43 are higher than the value of ~ 10. 00 given in an early paper [42]. The primary
diffovence 18 in the assumed capital recovery factor.

Note 4. I'ho cost estimates made Yy Broggi assume the production of 60 wt% sulfuric
acid in the procoss. It seems questionable whether this concentration can be achieved.
Broggi also estimates a cost of #5.40/GJ for a cycle in which an insoluble sulfate

is formed (and docomposed) rather than sulfuric acid. The potential insoluble sulfate
was not identificd.
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