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THERMOCHEMICAL PRODUCTK)N OF
HYDRGGEN I’ROMWATER

Melvln G. Bowman

IfXl AXA~S SCIEltTIFIC LABORATt)RY
P.o. Box 1(3G3

LOS AUhKIS, NM 87545, U.S.A.

ABSTRACT

“Ill’ :111’::mb:)lcsof hydrogen as a medium for ene~ Worage, energy
tl :~~lslni:::;i(w :md l.t;~mlble large-scale use as a non-polluting fuel have led b
IIIL!l’11111’l’~)1i)f ;! “II~,dmgen economy. ” However, even if this does not fully
Jllill(.1Iill 1. I*, w n], .~ilting requirements for hydrogen demonstrate that efficient
li).~”,.1():,[lll,:lili.,1~ II II! production based on non-fossil heat sourcen will become
c.\ LILIlll’l\ \ thl,,l 11’.

I II, ,, I t. I il.; I [lllvan~ea tir thermochemical production methcdn hnvo led
lAiIlii’ 11111111ilil.tll (If many conceptual cycles prior to experimental tesUng and to
cI[ i ‘1,.IIIi I,V : II. I cnsl ctitinmtes baee”d on assumed dab tbr non-verified processes.
lmlli;.I!:, , II IN twr r, laboratories in several countries have ~blished details of
cyrh: F tliii I I]i Ik c I wen demonstrated by mperlmental shades.

III lhl ~ pnwr the chemistry of experimentally vaXid cycles is discussed In
somu dots 11. Thermochemical criteria for efficient cycles are nlso presented.
It Nccnw INUIN1IJ1Othat the development of low-cost processes must be the result
c@wrlnmnl:l not yet peribrmed. However, vnlid cycles have been demonstrated
in u v:irk+ty of chomicel systems and one may hops thnt an efficient low-cost pro-
COEISWill I)u Llov(lloped.

R) me cost estimates have finally been made on valid cycle~, although mostly
on nssumod conditions. At the present time, such sbxlies are most useful fix

guiding procuw improvement, and also to develop methodology for process evnlua-
tkm.
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(!u r ronll,v IIWrc 1s widespread interest In the development of a ‘hydrogen
ecollon)y’” fi~inn (’\pfitlhliil solution to many of the prmblems associated with the in-
crwl !ling encrlw (Irlst:h Many papers have ken published that discuss the ad-
vnnl:l KRs :IIKI III* I Jdi!m:J :uwociated with the widespread use of hydrogen as a medium
for t’lll?r~w !;16)”1:Ipy, elwr~ transmission and Indeed for large-scale use as a non-
pdlllllng i“lll!l, ill\”,9w’t!l’, in additton to the p)lontial for a hydrogen economy, it is
inllm}Jl,:ll~th I t!tlll)liii slm that hydrogen is a very valuab]e chemical that is used in
1:11 IV! V[IIIIIIIi’ III L tIIEIIIrMIuctfon of ammonia nrd in chemical processing. Require-
?tl(!l!t:i il,l’ :itl(’tl,Iiq)[lc:ltions are increasing rapidly and it is clear that an expanded
1)1(JIIIIt!.iI n 1)1 h} ilr(#GIi will be required in the future even if the ‘thydrogen economyrf
iS i“JlllVi).11ti:l!l} ]o;~lim)d. It is equally clear that fossfl energy sources wJll become
in:l(iwluii1(: :1III i th:lt evonbudly large scale hydrogen production must utilize nuclear
mNI/ur :whl r tnm rgy for the decomposition of water by electrolysis, by thermochemical
cyclus, pos HNJlm~ hy photoelectmchemical techniques and/or, Pertips, by hybrid
comldnatkms of these methods.

‘l’ho potontinl higher efficiency and lower cost for tlmrmochemical methods,
versuti tho mm rdl electrolysis path has been rather widely recognized. As a con-
sequence, Fevmwl laboratories throughout the world are conducting programs to develop
therrnochemicnl processes for water decomposition. A large number of thermochemical
cyck hitvo hen conceived. Unfortunately, many havo been published without experi-
montnl verl[icution of the reactions in the cycle. As fI result of this, most evaluations
and/or compilrisona of thermochemical processes for process efficiency or cost have
been imsml on assumed data or on reaction conditions that have not actually been
nchiov(xl, Nw?rtheless, several cycles have now been published where all of the
reactions hilv~ imen demonstrated experimentally. As n consequence, the develop-
ment of moihds for engineering nnd cost analyses for this new technology cm be
bnsed cm the nctwd chemistry involved in cicmonstrntcd cychm. It is prolmble that
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such engineering mmessment will reveal serious problems In most cycles, but
in many cases changes in process flow sheeti will bo pmdble that minimize the
problem identlfkd. It is anticipated that this iterativo process will not only lead
b improvemmxs in exidng cycles, but also to the development of criteria to guide
tbe search fir and evaluation of new and possibly better cycles.

The puqmso of this paper is to discuss the current statmi of thermochemical
hydrogen Plwl:esflefi lhnt am (in the author’s opinfon) based on expefimen~ verified
conceptmd cycles,

A ‘fll~f]’[llt)l”)]ulnlcillltfflctency*— ... —.— ——

Ilrfwes:*.w fi)r lho production cihydrogen wffl utilize liquid water a~ the raw
n-mh:r i:l1. Mnc:u tho ~tundurd heat (enthlpy) of formation of watar at 298 K is -285.9
k,J/]111)1,M dmwnllm~ilion of 14uicl watsr tn form one mole of hydrogen gag wffl re-
q.rlri] ;I Illlnllrmn] I.nf?rgy Input of 285.9 M. ThcrefoR!, in this pqmr we have accepted
the tluflnltion of f!l(”iPlaIIcy udoptd by the International Ene~ Agency ~], Le. , the
ru~lll of thu tlM:t)rIlll Iml onex# required (285. 9 kJ) to the total heat fnput required fbr
the fluconlpo~~ltloll lmwoss. Thus,

285.9
E (112)= -d 1)

Tht! ‘ $ II” lt~rili Inll!lt Iu{:lude the hont rqulrcd to produce my work utilized to
pll)l,ll)t.tr k llt’1’llIlllM)Rltloll.

n, ‘I”llu2!’.2 .’!!.!?!?-!~~com~si~onof wa~~--+ ...,,.-.

‘1’hl)lI:ItIh: thormochem.htry involved in the sxise decompmition of writer
wns pIILll HIII*tl III 19(;G hy Funk ad I_Mnstrorn ~~. They pointed out that a large AS
valuo wINihl I)L)rqulmd for the TAS term to equal the AH term in the high tempemture
renclkm IJf II twi)-step cyole and concluded that simple we-step cycles would not be
possll..rk for tonlperatires available from practical heat mmces. IU more recent
yctars, sovotul uuthors have conddered the tiermochomist~ of water decompxition
cycles uml mmmtially confirmed the oonchmlona of Funk and Ilehmtrom. We have also
m nted tho nrrulysis ~] in ordar to @nt out that apclfic values for the mum of the

r
LS mrm~ IIIKItl~o Wlrn Of the AHOterms are requ.fti for tho embthermio reactions
if mwimum hwit efficiencies are to be realized. These speclflc and relatgd values
doporul on tho mnxlmum tnmperatmw at which heat is avaflable and the AG, of H.O
at the low tunilwmture. Thus, for a general two-step

R-1. lt+AB_RA+Bat T1

B-2. llA4R+Aat T2

‘tidealt’ ASOnnd 011° valuea aro given by n

decomposition

-AC; (AD)

ideal ASO =
c2-T1)

2)

3)
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For the decomposition of waler with TI ‘=400 K and T2 = 1100 K, i.e. ,

B-3. R+ H20~RO+ H,, at 400 K

B-4. RO -R + 1#2 O at 1100 K

ASO (B-4)- 320 J/K, LHO@-4 ) - S50 kJ.

It is of inkrest to consider two-step decomposition cycles for HC1 and HBr
since such subcycles are contained in some water splitting cycles. For the reactions
(where R can bo a wmctant or a reaction),

B-5. R + ZIIC14RC12 + H2 at 400 K

B-6. llcl,, -* 1{+ C12 at 1100 K
d

or for th~~r(: lctlon

lJ-7, It + 2 iJcl+ RoH2+C12 at 400 K

II-H. 1{”112+1{+H at 1100 K

*,fi” (II-G or B-8) - 275 J/K, d Ho -305 kJ.

}iilllll”lil!., I:lr the reactions

1{.!1, It I .llf]r+ RBr2+H2 at400K

II III. 1{1It., - R+Br2 at 1100 K
&

or for tllll I’i’:if:t.loll!;

11-11. [t + 2HBr _Ro H2 + Br2 at 400 K

1)-12. ll” H2 _ R + H2 at 1100 K

;lSO(fJ-lOor B-12) - 160 J/K, AHO-

‘rk d. I Iklng feature of the above analyses are

175 w.

the large &SOvalues required
for tlw clecomlxmition reactions. Typically, reactions such as B-4 exhibit AS” changes
of nhout 100 J/K. Thus, it is quite clear that simple two-step cycles for H O decom-

%position will rml be found (as indlc~ted by Funk and Refnstrom). It is also o value to
note tht typlcd ASOvalues for reactians such as B-G and B-10 are -140-170 J/K.
Therefore, simple hvo-s~p reactions for HC1 decomposition (ideal LWO~ 275 J/K)
should not bc expect.ed, but one should be able to find two-step cycles for KBr de-
compcmltion (ldcal ASO-160 J/K).

Examination of the ideal ~SO values emphasizes the value of reactions with
large entropy changes in water splitting cycles in order to mfrdmize the number of
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reactions required. This, of course suggests gaseous reactants or reaction products
to p]xwide the large entropy changes.

c. Thermochemical Cycles From hs Alamos Scientific Laboratory

The tis Alamos program may be described as a combined theoretical and
experimental effort 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 th:lt at least one of the reactions will not occur). If the reactions
can be demonstrated, additional data are obtained in order tn permit initial evalua-
tion and also comparison with other cycles. At this ~int, the cycle is “set aside” .

so thnt new concepts c:!n be tested. Of course, it is hoped that a cycle will be
dcmonstr:~tel I lhnt is m) promising that efforts can be directed almost exclusively
to it:; IIeul:lrq)nmr.t. IJespite the fact that two cycles identified in the LASL program
arc W)Wu)IdI’ i“ :Iddith )nal development at other laboratories, we have not found a
cycl c W t m!(:mc!d to merit the commitment of a major fraction of the program effirt
to ils llcwuh:~ilnent nttd to rigorous engineering and cost analyses.

TU011i :Ie:trcll h~r new thermochemical cycles, we have looked for reactions
willl l;!t [{uL:III r(q): (.!]”)uges as outlined in section B above. In our early program,
wc 11~ltf‘t:ir(’(1:t ~li); %11do two-step reaction cycle based on the decomposition of metal
SU1f III ‘i 1:1I I(I i;i ~.? 1,’w guseous decomposition products. ~us:

(“. 1, !i( 1 J;,”) .1 [120(A) + ~ - hIS04 + H2(g) (low temp. )

(“.,::, ““rrlhi).4 .* MO + S02(g) + 1/2 02(g) (high temp. )

‘1’,y@II:II :,!? (298) values for C-2 type reactions are -280 J/K and the cycle
is c(]l~l:~:llhlL\ll~~iili~l. However, despite an extensive efirt, we have been unable to
find comllt 1(~]1~who 10 the low temperature reactions will occur.

Also In the curly progmm, cycles were conceived in which a desired oxidation
stato in nn ox illt! 1s stabilized by compound formation with snotier oxide. We named
such cych C(linplex oxide cycles and experimentally demonstrated a lith[um-cmbonate-
magnamtu CYIIIU,a sodium mmganats cycle and a strontium uranate cycle. The last
two CYC1OSc:m ho illustrated as follows:

C-:i. fiNnOH(f) + 2Mn ~04 ~ 6NaMn02 + 2H20 + H2 (800-1000 K)

c-4. GNnMn02 + 3H20(g ) A 6NaOH(aq) + 3 Mn203 (300-400 K)

C-5. (iNuO1l(aq) + 6Na0H (C) (400-450 K)

C-6. :lhln203 A2Mn304 + 1/2 02 (1100-1300 K)
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-Sso”c
C-7. (SIO)y UO~x) + (3-Y) Sr(OH)2 ~ Sr3 U06 *

(3-Y-x)H20 + ‘~ ~ ~ooC

C-8. sr3u06 + (3-y)H20 ~ (SrO)y U03 + (3-y)Sr(OH)2

c-9. s 6000C (S~)y UO(sro)y U03 ~ (3-X)
+ xf2 02

In such rycles, It is :q)parent that at least one of the high “temperature steps
involves tlw fornw t.ion of more than one gaseous product. The cycles were set
a si(.(+~sin uc le:ud) 1IIg t;lcpl were included and the resultant carbonate or hydroxide
sollltil ml IW.YI ire drying operations and since the hydrogen and oxygen are pro-
CIUCCJIIiI 1.10:;s thIII !lt.mospheric pressures.

f;t-jt]:~i~l(~].~]i.il~nof sulfate chumistry led to
furnl :;t.11li.Ir~c uchl, :1s follows:

cycles based on four reactions to

(?-1.0. %)2 + 2[[20(1 ) - 132S04 (aq) + H2 (Electrochemical)

~i(j(’ (298)+ 33M/mol. E() = -0.17 VOLT.

(:.-11. t~),, t -!ll(,O + 12 J12=~l(aq)+2111(aq)
.( 4.

1.:-l:?. !:[),,(R) llr2 + 2H20 _ H2~4 + 2H13r

(!-1:1. ~1,/’;!w)2+ ][2# @ 112W4 + 1/2 s

‘1ll~;Ihi!1m )(!hnmical decomposition of sulfurlc acid may be represented
as loll(l~~;l:

(’.,11. 112S04 + 1120 + S02 + 1/2 02.

\\’o l]itv~ studied the decom~sition and have found rapid and near equilibrium
deCOIllpIMitlM wlth suitable catalysts at high temperature (900-1200 K).

Twu hyl~rld electrochemical-thermochemical cycles have been identified and
studied as pnrt of the effort on sulfkic acid. One of these consists of reactions C-10
and C-M wriltwn above. Experimental results were presented to tho October 1974
meeting of tlw Elcctrochernical Society r4]. A second hybrid cycle was identified
in reference ~lj. It may be fflustrated as follows:

C-15. ,S02+ 13r2 + 2H20 -H SO
2 41;4)

+ 2H13r (g)

C-lG.
1[2W4(L ) 4 H20 + S02 + 1/202

C-17, 211~r(g) (elect)* H2(g) + B r2(g)

LG(400 K) =+ 112 kJ

EO = -0. 5s vom
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From our results, we concluded that these hybrid CYCICSmight be feasfble. 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 cycles
are now undergoing additional development at other laboratories and one may expect
an eventual realistic evaluation of their potentials.

1.0 flw Sulfuric Acid-Hydros;en B romide Cycle
If mm f(JHIIs mdfuric acid by means of reaction C-12 and then decomposes it

at high tempi~ r:~tu~UlJy means of reaction C-14, the two reactions comprise a sub-
cycle fr,r the f{1rm:l lim of hydrogen bromide a ml oxygen from bromine and water. That
is (usi Ilg 1.\r2(l[) as u react.nnt),

(:--1!1. S)m,(g) + 13~2(g)+ 2H20(4 ) - H2S04(i) + 2HBr@)
.

(:-.19. i12s04(fi .+ H20(g) + so2(g) + 1/2 02(g)

C--2O. net md.hm. 2HBr(g) + 1/2 O(g)Br2(g) + H20(1) -

Re:l~:tion C!-IN is (:mtimrmic. Reaction C-19 is endothemnic with A10 ‘+275. 3 kJ for
the fljmm lion (If il.})(s) ruthcm than HC,O(I). 9The t.heoreticalllheat requ rement for the
net r#:I:Ic[hm(t, il” ;,,),,) lfi 1$2.5 kJ. Th%refore, assuming AG = Ofor C-19 and perfect
bent ~~:~.~~ll~ll~i~t!lJ(.It,~t’IINinmctants and products, the maximum efficiency for the sub-
cy(!l(q is I}J:!.!)/:!/:; O,liti.* The vnlue of 275 M for reaction C-19 assumes the formation
of ji(l!~lll ii,):~),l illl~I!.UWHSwater) in reaction C-18. Our laboratory experiments have.

* IJI”(, 1,.$ss, II’ ]1’11111.l!; ] ]I:IS Used bhe term %3bgo efficiency” b describe efflcfSncieS Of
Sul)-])1’ljlI’s’ii!:;. \Vt?tmw decided to adopt the name.

pmdu~:el i vi’ry c1mwntrated 112S0 with the maximum concentration not determined.
It should ho l~)s::ll)le to achieve 9& H2S04 by the reaction C6].

hi mxler to complete the cycle for water decomposition, a process fbr *&enet
decomposition of Il13r is required, i.e.

c-xl. 211i3r(g) 4 H2(g) + Br2(g).

The theordicnl heat requirement for this second stage is 103.4 kJ. Therefbre, since
the nmjor hcnt requirement is in the first stage and since its potential effickmcy is
quite high, the stage efficiency for a process to decompose HBr could be rather low
and the efficiency of an over~.11 water splitting process still be relatively high.

one conceptual cycle may be described by the fbllowlng reactions.

Low

C-21.

C-22.

Temperature Heat Rejecting Reactions

2H20 + S02 + Br2 _H2w4 + 2HBr

21tBrx + 2HBr a21?Br
(X+1)+H2

(Water absorption)

(Hydrogen release)
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~ligh ‘renlper~~ture JIeat Absorbing Iiefictions

C-23. H2S04+ S02 + H20 + 1/2 02 oxygen release)

C-24. 2R13r e 2RBrx + Br2
(X+1)

(Bromfne regeneration)

In principle, this cycle could ~ more efficient than the other sulfuric acid
cycles undur study. Reaction C-21 yields nearly 10C%H2S0 rather than - 50%
H SO that is formed in the other cycles. fThus, the rather argeoheat requirements
fo% “drying” sulfuric acid can be avoided. In addition, typical AS for metal bromide
decompositions are very near the value required fw an “ideal” two-step decomposition
of IIDr. From lilwlture data. the VBr -VBr couple and the CrBr -C rBr couple

(?$ “5 hr. Iiow-have ;.Ho values ne:n- the value require for t e efficient decompom on of
ever, in both cases the low tempemdzme reaction of HBr with the cl~~romide (to evolve
112) i3 fnr I.(II) slow,

l{mwillly, stitis factory reaction rabs were demonstrated for reactions involving
chlt)l)]itlrl] lJI-lIII~hli+ l)) [Irates ~]. However, the heat requirement for dehydration appears
to IN!h,{] l~i~,hf(lr nn ::fflcient cycle. Several interesting (perhaps promising) methods
for 1[1]r (ll]l”l)ll]~)~lsjtirli] are stffl under study. However (except perhaps tir electrolytic
{]~(:{Jlll[Wi!J1l.illll), ~. c Il;ive not achieved a really satisfactory HBr sub-cycle. The program
is f illtlitllllllji.

!>. [1 Slllf~i l-i. Acid-Sulfur Cycles----- ... .. .
I [ [;YI,.I I I ~ IIIS sulfuric acid by means of reaction C-13 and then decompses

it tt:~ ill(’l(;(( .’,1 in I u li:tlon c-14, the two reactions in effect form a sub-cycle for the
(lec{)l~l)!,~>l[lllil 11[ l~lll!-hnlf mole of S02. Thus:

(’-:!5, ,1/2 \02 + H20 ~ H2S04 + 1/2 S

net reaction: 1/2 S02 d 1/2 S + 1/2 02

Reaction C-2!i actually represents equfltirium in the S02-H O system ~8] and although
&the rcnction rilt~ 1s extremely slow, it is possible to use ca lysts and achieve aaequate

rates. ‘1Ms r(?i~ction can then form the base for a large number of thermochemical
cycles. In the LASL program, many reactfons have been studied that effect the second
stage of tlm c!.v1*lu(i.e. , the net reaction of S with 1120 to produce SO and H2). These
reactions lwc 1won described in previous publications [9,10 j and wil? not be reproduced
here. Two of tlw cycles have been subjected to a preliminary engineering analysis by
the General Atomic Co. ml]. This stxw.yindicated a high capital cost. In view of this
and the fact that some of the reaction steps are “d ifficdt’f, the cycles have been *W.ahledr~
for the present.
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3.0 The Cerium Chloride Cycle
This cycle may be written as follows:

C-27. 2c@Cl + 2H20 ~2Cc02 + 2HC1 + H2 (- 1250 K)

C-28. 2CCC)2+ 8HCI -2CeC13 + 4H20 + C12 (- 500K)

c-xl. 2cec13 + 2H20 ~ 2CSOC1 + 4HC1 (800-900 K)

C-:lo. C12 + H20 * 2HC1 + 1/2 02 (900-1000 K)

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

(a. ) Re:wtion C-27 exhibits a very rapid reaction rate at 1250 K, but the
rcnction ec[uIlibrium leaves about 11 moles of unreacted H O for each mole

Jof 11~ produ~:ai. Despite this, it seems necessary b add a ditionsl H20 to
the fencliou products in order to separate the H from HC1. The resultant
11(!1in wdu(ion must be sepamted from tie H20 % a separme step. This is
t)tm of Ihe }Il?rlous problems in the cycle.

(1). ) I{MI .thm C-28 hss been found to decrease with time in the temperature
IVIIIIW r.]], Ic equilibrium yields are roost favorable. However, it is apparent
tll It will it iIIK ium yields should increase with increasing reaction pressures
IIIM I illi t i:! I rixmlts from the difficult high pressure studies indicate not only
Ill!’ 1! :1 , Y, I t xl increase in equilibrium, but also an apparent very large increase
III 1, it ~}: I! rates even at lower temperatures. It is still not certain, however,
[IIIII ;III it: [,xluat.e reaction rate can be achieved with the rather refractory
(‘,4 1,, prt)( Iuced in reaction C-27.

(~:,) l{wi~”tionC-29 exhibits rapid reaction rates and excellent yields at the
hl i(Iw.LId temperatures.

(11.) Rcnction C-30 is the rever;e Deacon Reaction. The reactfon occurs at
high temperature where the reactants are the products of reaction C-28.
A~ilIII, however, the addition of H20 to the effluent from reaction C-30 seems
nor{q:;smy in order to separate the 02 and unreacted C12 from the HCL The
cxt m H# in the cycle is disadvantageous.

In prlnr iplc, a two-step reaction sequence can be substituted for the reverse
Deacon Ileacthm. Ulrichson [12] has conducted prelimina~ studies on the following
reaction pair.

C-31. Mm (s)+ c12(g) + Mg C12(S) + 1/2 02(g) (600-700 K)

C-32. NIgC12(S) + H20(g) -I MgO (s)+ 2HC1 (g) ~ 800 K)
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His results indicate that the reactions will be feasible. Recently, Martin ~3] has
su=~ested the use of CeoCl to replace MgO in the above reactions. It seems probable
that similar reaction sequences can be used to separatn 112from HC1 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. 2CCX)C1+ 2H20 + 2C@2 + 2HC1 + 112

(.-:]-1. CMXH + 2HC1 + CeC13 + H20

C-:; !i. (:[’{X;I + C12 - CeC13 + 1/2 02

[.:-l] (i. M:L!( )2 +- Wlcl 4 2cec13 + 41120 + C12

(: -:17. 4CC[;13 + 41[20 - 4CeOCl + 81[Cl

The WIi“i:lU(ll!~~of [he ccrlnm chloride cycle will be testd experimen~ and finally
C(Jrlll)il rol tln.(l~lgh fhw SIIUA3 and cost estimates based on e~erimental results.

4.0 {.!cr illm Chloride-Carbonate Cycles—----
III :1~:~mtimdng study of cerium chemistry, all reactions have been

vcrl fi~wl fi)r :1 1:.*”1:It? de:wril~ed by the following reactions.

(:’:lti. (.’1,,} 112(3 -. 2HC1 + 1/202..
c -;1!). .~”l(),, I 811C1e 2CCC13+ 4H. O + C12.
(’--] (), :,(’{!(.;13+ 3Hr0 _ 3COOC1-I-611u1

.’.
(’-II. :1(’(:()C 1+ 3C02 - Ce2(C03)3 + CeC13 (solution)

(:,.11.-.. C02(C03)3 + H20 - 2Ce02 + 3C02 + H
2

1[ llm moist or hydrated Ce (CO ) from reaction C42 is heated fn the absence
h ??of a{hhtionul writer, the decomposi on w th increasing temperature) may be described

by the followlng reactions.

C-43. CC2(C03)3 + H20 + 2Ce(OH)C03 + C02

c...,~m~m2CC(OH)C03 _ Ce202C03 + H20 + C02

C-45. CC202C03 - 2CS02 + co

It 1s interesting to note that the cycle is capable of “splitting” either H20 or
co . However, one must also note that the sum of the ASOvalues for the endothermic
hy&olysis mxmtions and the sum of the LS” values for the endothermic carbonate
decomposition reactions are each sufficiently high for a water splitting cycle with
ma..inmm temperahmes near 1100 K. Therefore, for the overall cycle, the AS and
~ VSIUCSare not optimum for a highly efficien~ process. h addition, the rezmval
of CeC 13 from solutlon represents an additional endothermic step. However, these
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disadvantages are partially compensated by the lower maximum temperature rcqui red
(perhaps 800-850 K). Therefore, if a source of less-costly, low temperature heat
is nssumed for the solutlon drying step, the cycle might be compet.itivc on a cost
basis. Actually, in our continuing experimental program attempts are being rnado
to combine rcnctions or to find substitute paths that require less h~at.

D. Un@t~ Cvclcs From U.S.A. Programs.__..--.. .—-—

‘Thurmochcm lcn~ hydrogen imgrams at Argonne Nation: Jry, at
L~wTrn!:P J ,iif~rn)l)rv lAN)r:Ikory nnd at Oak Ridge National M nave each
prol.lul~.d I Ilt:rll)o!;ll[,]ni(!al cycles th:d are each different in t~ . .-AI cycles under
dev~l(ll)ffw)t :It. oIII[;J..Idmrfilorieso In each case, the cycles have been demonstrated
cxpoI illlwt:l!ly :Ird nmrit wvlous nttention.

i)-I. iqyJnlIe Fl:\f!O(lill [J:d]oratory.. .. ..-. . ... --------

Thc pr~)gr:iln ~lt AN”[,iris di rccted town rd the invention, the experimental
invf’:;t.lg:!l ilm iltl~l t II(! lJellCh scale assessment of thermochemical water splitting cycle s.”

Ai [hi? ]Wl?SiIW! time, the program seerrm to be directed primarily to the devolcp-
mclll :lml Il(:IliImsl i ;I[l{N1of the ANIJ-4 cycle. This cycle may be described as follows [14J:

I)-i-i. ! ll;:O I 2Ni13 + 2C02+ 21Cf+ 2KIIC03 + 2NH41 (330 K)

1)-I-L!. ;*I.IIU[j - K2C03 + C02 + 1{20 (430 K)

]) -l .;1, ‘X411tj[+ Ilg + H2 + 2NH3 + Hg12 (700 K)

1) 1.1. K2C03 + lIg12 * 2Ki + Hg + C02 + I/2 02 (900 K)

‘l”lIL!W(IAe rs at Argonne report that all reactions can be carried out under
condiliom WIWra rcitsonably rapid rates are obtat.ned and the yields of the high-
temperalu m rcm:tions are essentially 100%. Tho highest temperature required is
900 K. ‘Mo chemistry of the reactions follows the equations and there are no harmful
side rcactloll~~. ‘1’bus, ANL-4 belongs to the relatively small and select group of cycles
that can [l~~tuillIy be conducted in the laboratory.

The progrittn at Argonne is continuing. Alternative reactions that do not utilize
mercury n rc Iwing studied and methods are being sought for minimizing heat require-
ments for dry ing solutions.

D-IL Lawrence Liverrnore Laboratory——

lhc program at LLL for developing processes for thermochemical hydrogen
production hs involved chemical systems significantly different than those studied by
other investigators. A cycle based on the formation of ZnSe and Zn=4 has been
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ciescribeci by the Liverrnore Group for which all reactions have been demonstrated
experimentally [153. The cycle may be described by the following major reaction
steps.

D-II-1. 2ZnO(s) + Se(j.) + S02(g) 4ZnSe(s! + Zn~4(s) (800 K)

D-11-2. 2ZnSe(s) + 2HCl(g) _ 2ZnC12(aq) + H2Se(g) (350 K)

D-II-3. ZnC12(aq) + S03(g) + H20( f,) ~ Zn~4(s) + 2HCl(g) (400 K)

D-II-4. 2X11,W,1(S)+2 ZnO(s) + S02(g) + S03(g) + 0.5 02(g) (1200 K)

D-H--5, 112Se(q) _ Se( P)+ H2(g) (750 K)

IIIwiiwvring i(’!dpreliminary cost analyses by the Livermore group revealed
the d i WIriII Ii We tht inost of the heat requirement is for the decomposition of two moles—.
of ;:l~:;’:),l( I’IWU1 ion D .11--4). Since this occurs over a narrow temperature interval near
ihc I) Ii IXi ImI ;II tninpc! I ilhile available, it is a serious difficulty where heat must be ex-
trd Ml [r(1111IIlIPIt i!wh,a.nger, e.g., where a nuclear reactor! is the heat source. As
:1 rP::IIlt. I)f I Iii g, I h. 1,1’verrnore workers have made modifications of the cycle to mintmim
till’ lll,ll(l\’:1111 I):t’:i ~1;]. The modified cycle maybe described by the following major

-:” Ii)(s) + Se(f,) + S02(g) - ZnSe(s) + ZnS04(s) (800 K)

.-, qs) + 2HC1 _ZnC12(aq) + H2Wg) (340 K)

,P,llLlm(S) - ZnCln(!r) (690 K)

XII(N;(#) + H20(;)

ZII,W4(S) -ZnO(s)

Il,,Se(g) + Se(f) +

~ZnO(s) + 2HCl(g) (900-1000 K)

+ S02(g) + 0.5 02(g) (1160 K)

H2(g) (750 K)

IN tIw MU’ vursion of the cycle, only one mole of Zn~a is decomposed at
the high t~*n~plhr:llllre(rea on D-II-1O). The ZnSs Is ssparat&7 from the ZnW14
before ILIS r(’~lll(xl with HC1 (reaction D-Ii-’l). The hydm~ysis of one mole of--- ..
ZnCl (rv:wt IIJII D-II-9) not only occurs at a lower temperature than rermtion
D-1[-$0, 1~11[:11:{(Jrequires less heat than the docomposttion of one mole of Zn~4
for wliich II NIIIMItutcs. Thereforo, the new cycle will exhibit higher efficiency.

‘i’hc pro~ IWaS revealocl by jhe two Llvermore cycles is considered to he
an oxnn~r~le [)f how Innovative changes in chemistry can improve cycles after
specific prold[!llls have been rerenled by englnoerlng analy~ls.
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D-IIL oak Ridge National Laboratory

Workers at ORNL have worked principally on a type of cycle invoIving the
formation and “hydrolytic” disproportionation or decomposition of mixed oxide com-
pounds. The strontium chrornak cycle is an example of the cycle type ~71. It
may be written as:

D-Ilf-l . Cr203 + 4Sr(OH)2 - 2SrC~4 + 3H20 + H2 (- 1000 K)

D-ILI-2. 2SrCti34 + 4/3 Sr(OH)2 _ 2/3 Sr5 (C1134)3OH + H20 + 1/202 (- 850 K)

D-III-3. 2Sr2C~4 + 2/3 Sr5 (Cr04)3 OH + 5 H20 -. CX03 +

2S1{;L04 + 16/3 Sr(OH)2 (400 K)

A11of tJm rmmt tons have been demonstrated experimentally. EfHciency estimates
c:mm lt ha ni:lllo until ilm thermoch’ ?taistry of Sr=(Cr04 )~ OH has been dehwmined. This
dctl!l Illirliliillll 13 II(NV under way.

lhrx :llIrl h)$rcIlwt.ing cycles of the same
011141,‘1}{”1.

L’;. ~~~[III!:;[:iJ;ll;lIon to Several Programs.. . ....

v %0

general ~ are being evaluatad at

‘111(!1,. ~I :,1Ji w thermochemical or hybrid processes ~der serious develoP-
nwlll tIIII 1 I:i ~1111”11I }i~ IJ.Vmore than one laboratory worldwide. These are: The Iron
Chhlli,ll’ [“}(’1: , ‘i‘1I!~Sulfuric Acid-Hydrogen Iodide Cycle (the General Atomic Co.
“Prill!ll (’\l’ 11’”},TIIU SuMJric Acid Hybrid Cycle, The Sulfuric Acid-Hydrogen Bromide
Ilyi)l’hl t.’yi!l:l,

E-I. tron (:hhlridu Cycles
~~ufilr;lifferent versions of the iron chloride cycle have been published by

LWorntnriw Inlturope, Japan and the U.S.A. Apparently, the CYC1Owas originated
by Ptin[~born imd Awwciatem at the Institute of Gas Techndcgy and of the many versions
publishud, tlw KIT II-1 cycle seems to be the only one fully verified by extensive
experimental ~i.udles. The cycle may be written as P9~.

E-1-l. 3FoC12 + 4H20 -Fe304 + 6HC1 + H2 (800-1200 K)

E-T-2. l@304 + 8HC1 - 2FeC13 + FeC12 + 4H20 (400-600 K)

E-I-:1. 2FeC13 * 2FeC12 + C1’2 (500-700 K)

E-I-4. C12 + H20 _ 2HC1 + 1/2 02 (900-1200 K)
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The disadvantages of the cycle incluue: 1) The problem of separating
H2 from HC1 and unreacted H20 from reaction E-I-1. 2) The fact that gaseous
Fe2C16 sublimes along with the fbrmation of C12 in reaction E-I-3 and, sfnce
Fe C16 does not clecom~se, the decomposition of FsC is a difficult step h the

5cyc e. 3) The problem of separating Cl +2%
bfrom the Cl + H20 in reactfon E I-4.

Wo~kers nt the EIIra~m Joint Research Center, Ispra, Italy, have apparently
discontinue(l dcvclc jpment of the cycle [20, 211. Primarily, because of the difficulties
with w,i~th.ms II;-1- 1 ii]ld IZ-I-3, but also because of their greatar tntarest in their
Ma 1k- 1(i CYC1O(:me hL?lOW)o Development of the cycle is continuing at IGT where—--- -
~lw r:] huve lwmterl a clever clitfusion-based method for separating C fmm F02C 16

and ]JIOInOHIIgI“cII(:t.ioIlII-I-3 ~97. 4Knoche and co-workers at the RW 1, Aachen,
lVest ~.iorrnany, al o tilso continuing to develop the cycle. In their latest modification
of tll[~(:..vcI(:, IGIOC!IC nnd co-workers ~2 ~ have achieved some success in combining
rc;lrtl[)us K-I-2 aw1 II-[-.3 (above) by movhg the FG304 u~ an tic~ashg temperature
gr:ullmt WIIIIU L}m [!c,;l-1[,o gas mixture flows in a counter direction. They are also

+nttulllpthg 10 :Ivold the (II flcult H2 separation ~tep associated with reaction E-I-1 by
COIMhl(!tfll~~ th{) l’Ofl L!kkXl in h) Skps, i. e.,

l!:.l.5, :1IIIIICI,) + 3H20 * 31’eO + 6HC1 (High Temp. )
.,

1’:-1”4;. :1!I’~0 I 1120- Fe304 + H2 (Medium Temp. )

‘Nit! h ~IQII I:ItiIIII i II t: I :l(~,j in reaction E-I-4 is prevented by the presence of some 112.
‘rhi:~ , tll~:~’llll!l” A’ [I h some HC1, is recycled into the reaction without a complete
Sf2])iil””l~.If)rl S[l?}i Jl?Ill~ llUCOSSa~. In principle, the ‘tclean’t hydrogen from reactfon
E-I-!i C: III 111~(!( itlved ~t fairly high pressure.”

E-IL The (;om!rnl Aknnlc Co. Prime Cycle“—

At tlw First World Hydrogen Energy Conference (March 1976), the General
Atomic CO. prosunted their Sulfuric Acid- Hydrogen Jodide cycle that had been kept
“propriuiury” untU that time ~31. The cycle may be written simply as:

E-n-l. H20(g) + 212(s) + S02(g) ~ H2S04

I!!-11-2. 112s04 -BH20 + S02 + 1/2 02

E-H-3. 2111d H2 + 12

(s01) + 2H1 (sol)

Sevcrnl l:d~oratoriea had considered the aycle, but credible methods for
separating 1II fmm the sulfuric acid solution were not suggested. The crltlcnl
CUSCCVOIYby Ct.A. wns that with excess 12 and excess SO , two liquid phases are
formed. Tho 1120- H2S04 phnse contains nearly all the fi2~4 and the 12-S02-HIX
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(higher densi~) phase nearly all the HI. After physical separation, the sulfuric
acid must be dried (concentrated) before it is decomposed at hfgh temperature.
Rather extensive drying, distillation and recycle opemtiow are the principal dis-
advantages of the process. The availability of iodine and :1system for adequate
iodine recovery mny also prove disadvantageous. However, overbalancing these
disadvantages, perhaps, is the potential for a continuous process involving essentially
only liqulds nnd g:iMM.

Prior 10 tlu: G. A. disclosure, workers at the Euratom Joint Research Center
(fsl,r;~i t),~lddi,;~,,v,:r~:d essentially the same method for separation dthe H S04 and
H] [rl~rfI the rtmction Ii-l[-l. Vigorous development of the cycle is contl & at both
Ldhr)l’:ltx)rlos. ‘1’lllqwork involves corrosion studies and the evaluation of prcwess
equipllwnk rind I:ont:liners m well as attempts to improve yields via process conditions.

E-III. ‘1’ho Sulfur IL:Achl [[ybrid Cycle—.. — - ... ... . ...

AH iii(li~:lt;!(l nlIcwe, this Is one of the hybrid cycles studied early in the LASL
1]MUII:lfrl. ‘1’hc“two -sh:p’l cycle may be written as:

l’:-.lls-1,
Oloct.

:X)2 1.moo ~& 112s0’1+ 1’2
l,: = -[). 17 V for lM 1[2s04 und 1 ahn. S02

l“:-1[[ :’, 11.,so, - 1{20+s02+ 1/202..

\’;i11Ii 1!I:, :i t t Iw Westinghouse Electrlc Corporation are concentrating m
clw(!lll~)lll{: t.111’ l’y(’l l!. They have mnde excellent progress in experimental programs
to II II II I(:V(! I III! I!ltx:trolysis reaction and have achteved higher current densities at
higlwr w!]Illrlc Acid concentrations than those reported earlier by LASL. They have
also coii[liwt R!I i!~tmmlve studies on the catalytic thermal decomposition of sulfuric
acid. ‘1’IwIr 11!w] ts demonstrate this reaction can be a part of a technological process.
Many llnpolhint fcri~tures of the Westinghouse Program were included in four papers
prcmmtcd at the First World Hydrogen Energy Conference ~4, 2S, 26, 27].

In n nwont Progress Report @8] Farbman repowd that for 50 WM sulfuric
acid prcrduccd ut 25°C and current densities of 2000 A/m , total cell voltages of 800-
900 mV for the oloctrolysis step appear attainable. Eventually, the Westinghouse
workors htqw to ~~ch ve their l%arget’1 conditions of 75 WW sulfuric acid at a currant

P
density of 2000 A/m and a cell voltage of 450 mV.

The Wwtlnghouse workers have estimated the cost of hydrogcm produced by
the hybrid CYC1O;ussuming their “target” conditions and assuming what maybe
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described as an advanced method of power production
optimistic cost of $4. 65/GJ (see cost section below).

~9]. They derived a very
This may be the reason why

the cycle has achieved populari~. At any rate, the Julich Nuclear Research Center
in West Germany has initiated a large developmental eftbrt on the cycle DO]. Workers
at the Euratom Joint Research Center h Ispra are mbu M active Mxmeat in
the cycle ~1 ] and it is reported (so far unsubstantiated) that a large program on the
cycle 1s now under way in France.

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

Tho posstl)lo advantages of this hybrid cycle, versus the sulfuric acid hybrid
hnve been mentioned ntmve (Section C-l). The electrolytic decomposition of HBr is
the koy stap. Development on the cycle is continuing at Euratom-lspra ~1, 31 ] and
the Instiblte of Gas ‘.ll!chnology is confluc~g a small program to evaluate the electrolysis
Btop ~!::].

r. ‘Nun mwhemit’~ Hydrogen Cycles From Japan.,...—.-.—— .

Tlmi ‘.~LllJlIHti’rA to be a serious effort in Japan to develop thermochemical
pr(~l!lW:U:Hfl~i twd n~l;(:nproduction. Many conceptual cycles have been @lished and
th(::ii! i~wlwh! IW +k (It’ Ihe reactions and cycles published by other laboratories through-
0111.111!1 Will’111 ‘HIQ.W cycles will not be reviewed here. However, attention should be
dr:lfkII h I l.WII IIf Ih(: 11.vA3s since they are not only different from cycles under serious
C*OII ,1111*1”:1111.111II) ILIIi II’ wuntries. but are also based on exPer~mental studies. One of
tl~l~,,, (~‘,1l~!,; i,. ;I I,:,JII ri~l phobchemical-electrnchem jcal cycle designated Yokohama Mark
5 1),~[ ~l~l;,l ;Iliil ,“”11 + II l.liors ~3 ]. It may be written aa:

1“1. ,,:1.,?:;11~ + 12 + H2S04 ~ Fe2@4)3 + 2HI (Photochemical)

1“-2. 21[1-* 112~ 12 (Electrochemical)

1“-:), l~c2(N14)3+H20 ~ 2Fe804 + H2S04 + 1/2 02 (Electrochemical)

The authors h~wti identified several serious problems that must be tmlved befbre the
cycle win [Ippro:wh practicality. Nevertheless, it is possible that the problems could
bo sdvul w ~Ililt the unique approach could be applied to different systems.

A SQ~tJlldJapanese cycle is the calcium-iodine cycle described by R@ and
co-workers ~ 1], It may be written as:

F-4. 1.2 CRO + 1.212 + 0.2 Ca(103)2 + Cf112(aq). (37S K)

F-G. 0.2 Ca(’103)2 _ 0.2 CaO + 0.2 12(g) + 0.6 02(g) (825-1075 K)

F-a. Ca12 + H20 _ CaO + 2HI (776-976 K)

F-7. 2111~ H2 + 12 (675-975 K)



-16-

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 arc 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
surrd candldnte for further development.

G. Huat Sources for Thermochemical Processes

Most discussions of thermochemical hydrogen production tacitly assume that
heat wI1l be supplied by de?lcated high-temperature, process-heat reactim For a
process to bo efficient then, its heat requirements must match the heat delivery
characteristics of the reactor. Engineering malyses under this assumption vexy
quickly reve:d that iuolhermal endothermic reactions near the temperature maximum
are very un(les[rablo steps. lWrther, solution drying staps are very disadvantageous
if tlw noc(xwa rYhind. must be derived from the primary high-temperature source.
“JMl 1?101’0 , :! t this tinle it is important to emphasize the ffict that after 3-5 years of
dovnl[!pnwnt In WVWI1 countries, essentially all of the cycles that have been demon-
st rn !~wloxpu r lmtmb!l I.vcouth solution drying or solution concentration steps. There-
fore, 1[ NL.111 *I IW:IFJ mnble to suggest that thermochemical hydrogen plants be located
wluJt (! Ih(yv(’i~ll1M!~:ljn}bined with systems that yield low-temperature heat as a by-
protll: .“1..

t+i 11:1I I ‘II, I I [:J l]oi~t sources are sometimes mentioned for use with themnochemical
uy(’it,,. lI:iII, Illj it I,i assumed, at least tncitly, that they will be too expensive. This
m:ll” llf~ttiii~, 1!l1I : f, I N,r towers, mirrors and trough concentrators are getting cheaper.
‘]’111,1111’,!!,1I I ] Ii:1,N:mt tU note that for a solar heated process, low tem~rature heat
l’;~!l lillll;ll~l\ Ill: !I’I Iv(md at significantly lower cost per unit of heat than heat at the
Ii\:l\lll Illlll I! ’I II I!I.’I illlll”e. Thus, solution chemistry may be more useful. In addition, i~n
Is(dll,!i lIWI :;t~’11n(’:lr the maximum temperap,me may be a very useful way of absorbing
high lLImImIiIhI e hmt from a solar tower. * Certsdnly, it seems prudent to seriously

. . .... . .. .- . .— -
7

This IhAmNJul ilth nntage of solar heat was first pointed out to the author by Jon Pmgborn
and John Gnhlmw of IGT during discussions of their cadmium hydrc ide hybrid cycle ~5].

(and continllou:~ly) consider the possible adaptation of sok heat sources to them lo-
chemhwl prm’msse~.

In tho hmg run, magnetic fusion reactors or laser fusion reacbrs mcy
Imcomo uvu Ilaldo for snythettc fuel production. Such reactors, in particular lnser
fusion rmwtmrs, mity be advantageous for coupling with thermochemical processes since
rnthor larIIo quantities of”] cycle powerl’ must bo used and, hence, significant quantltte~
of low tompornture waste h lilt can he available. For exarnph~, In a current conceptual
desl~l of u huwr fusion reacbr ~G] with a power production officioncy of Sm, approxl-

matoly 35% of that power must be reclrcukted, prlmarlly to fire the lasers. Thus,
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will always be a source of heat that could be used

H. Estimates of Costs of Thermochemical Hydrogen

~ discussions of thermochemical processes, the question of COSKusually
is asked quite early. In one sense, the questions are premature since this new
technology 1s only In the inMial deftition stage. Nevertheless, cost is an imporhnt
question aud c:lrl y iJttcmpts at cost estimates are valuable not only as a means ti
devcdop (Iw mctlwdoh)bw for eventual realistic cost estimates, but also to @de experi-
m~t]lbi:rlov(?lf]l)lli(’llt prq:rams. Up to the present time, most cost estfmates hmm been
mwl~: ]“.)r cmwcptud C,YCIWJthat have not been validated oxperfmentally. The cost
cstl n I:Itm glwm I )(!1wNwore made for cycles that have been proved by experimentation
even ttlI}ii}{hwndlllons :mfiurned fin- the differunt reactions are for the most part pro-
ject~,d r(]ll(lltlona thilt h:wti not actually been adequately demonstrated in an experimental
pn~~r:lll~. ‘1.’lii[s,it is difCicult to debmm.ine whether n particular cost estimate is optimist
or 1,(>:;%iln IS1lC:;itIuc a lmowledge that conditions are uncertafn can lead to consematism
in (:fliljpinl:lit 0Htillii!tOf4.

‘1’ddu I ~.Inl:tlrJ:~n few estimates of the cost of hydrogen produced by electrolysis.
N,, i]tti!tnj)t II; IS lIr(~II nl:ide to select estimate~ where uniform assumptions have becm
n];ltlt’. III WI(’II (i I: II), [he nuthor u~ed assumptions that he deemed appropriate. Tuble 1[
cwnliti]l:; UH1itt~:ii~:sof Ihu cost of hydrogen produced by thermochemical cycles whose
r~!;t.i i,,l~;j:11t: 1,tlIJwr~t~~occur in the laboratory. Cycle a is the hybrid SUU’Uricacid
]) J’1l:’!”S $,. ( !,v(. Ii I I i:! :1 Mmnocherntcd sulfuric acid/methanol process that is described
in 1Ll’t:1tIli(’(!,1:!iIId 4:1 nnd cycle c is the thermochemical sulfurio aolcl-hydmgen iodide
cycl~! 11”iItlq(1!Iv{lh)lMN1by the General Atomic Co. and by Euratom-Ispra.

TABLE I

COsr ESTIMATES ~R ELECTROLYTIC HYDROGEN

Current Advanced Dollar
Author IWference Technolo~ Technolo~ =

Escher
Eonakowski

3’7 $9036/GJ *. 81/GJ Micl-1975

Steeman 38 6.55 1975

13roggi 3Q 9.76 7m4t3 1975

Farbmrm 29 6.65 Mid-1974

Nuttall 40 G. 08 1970
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TAT3LE II

COST ESTIMATES lTIR THERMOCHEMICAL HYDROGEN

Dollar
Author llcfo rence Cycle cost =

Steeman 38 a $7.18 /CJ 1975

F:i]”t)):\:ln ~)c.J a 4.65 MM-1974

KJlr)t”lll:& Ihlllk .11 a 7.16 Mid-1976

l“llllli FJ Idlor”llo” “1:1 b 11.65 Mid-1976

131’rl}(@ :)9 c 5.95 1975

Note

1

1

1,2

2,3

4

y!?tt~ I , A“lI ()1 i III! I:iw,t, cwtimates of the hybrhl sulfuric acid cycle were based on the. ..- .
\VI!, $lin;:lullll;l’ “1;1r[:ct” conditio~m r:lther thm tho much less favomble conditions that

hnv~’Ivwil :I(!ll1’I\ ~I in 1110hlboratory up to the present the (see Section E-III).

pll)tl, ‘!, ‘t’lu 1111.~1.lIINli~logytir the cycle evaluation dweloped by Professor Knoche—“. . ..
tin[l l’1 (1111:11:1)1” I%IA will be very useful for evaluating cycles, particularly initial
nntl f’l)tilp;l1,11IVCcvnlu:ltionso The authors themselves stress the value of the method
for [d hwt lIlg (Iil”wtlons for improving flow-sheets and processes. Thus, they stress
thnt Ihu ml fiirlc ncid decomposition step in both cycle a and cycle b carI be improved
~d ~OIJtShJWHI’@do

Note 3. ‘l!hu cost of ~11. 65/GJ for the methanol-sulfuric acid cycle given in reference
40 arc hlghor thnn the value of -10.00 given in an early paper [42]. The primary
diffurenco is In the assumed capital recovery factxm.

Note 4. TIN?cost estimates made by Broggi assume the production of 60 W% sulfuric
acid in the IIH.W8S. It seems questionable whether this concentmtlon can be achieved.
IIrCq@ alSO ost.lmat,es a cost of $s. 40/GJ for a cycle in whfch an insoluble sulfate
is formed (rind decomposed) rather than sulfuric acid. The potential insoluble sulfateJ
was not klcnt.i f M.
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