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SESTRACT

The use of solar anargy to pr~duce hydrogen
frcn wacer is an actractive concept that
merits a continuing resaarch and development
affort. The base tachnology being developed
for s« lar tharmal power can Le applied effec-
tively iu the production of hydrogen from
water. Hydrogen production could be based on
advanced water electrolysis and economic so-
lar hydrogen becoms an eventual reslity even
if advanced proceseas do not prove to be fea-
sible. Thermochemicsl cycles for decomposing
water promisa highe: elficiencies if cycles
can ba developed that ma:ch the charactaria-
tics of solar heat sources. At present, cy-
rlas based on sulfuric acid ere the most ful-
lv developed processes and they can be adapt-
ed to solar thermal systems and serve as
standarde of comparison for nev cycles aa
they are discovered and developed. Advanced
cvcles based on solids decomposiiion reac-
tiors should intarface advantageously with
solar thermal systems and several cycles
basec on such raactions sre under axperimen-
tal evaluation.

1. INTRODUCTION

The potential advantages of hydrogen as an
energy carrier and as & fuel have been en-
phasized many times over the past eseveral
years. Hydrogen is also a prime intermadi-
ate {n tha production of fuele and chemicals
and the demand for hydrogen i{s projected to
{ncrease rapidly. Consequently, the use of
solar enargy for the production of hydrogen
from watar is a very appetling concept und

if production processes can be coupled eco-
nemically with solar energy syetems, the

r sultant technology will ba extreamsly val-
uable. The produrtion of hydrogen would also
help fulfill the important function of energy
ttorage that i{s un inherent requiresent for
most large-scale useas of solar enorpy.

Since bvdrogen must eventually be produced In
high volume at low cost in order to become an
fmportant part of the energy economy, it s
relevant to note that the decomposition of
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wvater is & high energy procuss and only a
small frection of the solsr spectrum has suf-
ficienc energy for a one-step quantun reac-
tion., Further, sunlight is a diffuse energy
gource and the cost per unit area of the ma-
terial that intercepts the sunlight will be a
controlling part of the overall investment ir
a solar hydrcgen system. As a consequence,
it appears that practicel processes for solar
hydrogen production must be based on opti-
mized thermal processes that utilize concen-
tratad sunlight with high efficiency.

2. PRODUCTION TECHNOLOGLES

At thae present t‘ma major efforrts in the de-
velopment of solar thermal technology are
directed primarily toward cousliug exiscing
powar production cechniques to Jifferent con-
centrator systems under development. An im~
portant part of such development is directed
towerd the incorporation of high trmperacture
snergy storage systems that permit a relaciv-
ealy constant tate of power production. This
approach 's practicsl and prudent since mcsc
cf cthe available et'fort can ba focused on the
crucial protlems of developing wmathode and
components for concentrator systems (helio-
stats), receiver systems and anergy storage
and retrieval systems for a known and valu-
able application. However, most of this ha-
sic solar thermal tachnology will be of di-
rarct spplication {n the solar thermal pro-
ductior of fuals and chzaicale, with sddi -
tional affore everiually required to develop
the technology that is unique to each pro-
duction procons.

2.1 Electrochemicnl Hydrogen Production

the electralysis of water (s a well known
technique and although present elactrolyszars
ara ralativelvy (neff’ciant, a wvorldwide ef-
fort is underway to davelop advanced mathode
for acid aolutione (1), for alkaline solu-
ticne (2) and for the high-tewperatnure alac-
trolymsis of stesm by che use of an ion--con-
ducting ceramic ar, an electrolyte (3) ax-
c.llent progrecs is being made and it is



;eabdably not overosptimisctic to project the
eventual avallability of electrolyzers with
voltage efficiencies of 85-90 per cent.
Therefore, if efficient syscems for solar
thermal electricity can ba developed and cou-
»led with an appropriace thermal storage unit,
it should be posaible to design a solar-elec-
trochemical hydrogen plant in which the ex-
pensive alectrolyzer units, as well as the
pover generaction unics, are operated in a
continuoua mode at near design capecity.
Thus, economic solar hydrogen production
might bacome an eventual reality even if the
more promising advanced proceases do not
prove to be feasible.

7.2 Thearmochemical Hydrogen Froduction

It is widely racognized that for high tempera-
ture heat sources, production processas based
on thermochemical cycles can yield higher ef-
ficiences than an overall path where haat isa
converted to electricity and water decomposed
siectrochemically. Consequantly, thare is a
worldwide effort to develop cycles to exploit
the potent‘al of thermochemical water split-
ting. It sbould be noted thuct the total ef-
fort is small in comparison to the effort ac-
tually necessary tc develop a naw technology.
In addliction, most of the programmatic support
has been given to applied programs concerned
with early selection and engineering deaign
of a specific cycla crather than studies which
might lead to the identificacion of better
cycles. Naevertheless, several thearmochemical
cvcles have been shown to be technically fea-
#ible and three H,50, basad cycles are at a
bencii~acale level of development. The nro-
gress is encouraging, but in prin:iple, more
afiicient cycles are possible and studies to
discover and develop betrter cyclas should
rontinue.

For naximum affi{ciency, o'a would wish to
disccver and develop cycles that approxi-
mately fulfil]l the criteria for an "ideal"
cvcle for each heit mource. Such criteria
heve been dencr.bed p.eviously (4,5) and em-
phasize that large entropy changas for high
temperature endothermic steps permit lower
maximum temprractures and almo minimi.e the
number of reaction steps required for a
thermochemical cycle. Snlfate decomposition
reactions exhibit large entropy changes and
H250 dacomposition (s a apecial example of
nul!ﬁt. decomposition. However, the decom-
position of a metul sulfate te an oxide or
oxysultate la essentially an {sotharmal step
while sulfuric acid cycles can accept heat
over a wide tumparaturs range. Thus, sul-
furle acid decomposition {e a bHetter match
for the heai delivery characteristics of a
high tempezature jam-cooled reactor. Until
recently, mowt Vharmochamlical hydropen pro-
grame have considered nuch reactors ns the
"target' heat mourcu.

2,2,1 Sulfuric Acid Based Cyvcles

Four differert reactions for the formation of
gulfuric acid have been studied for use in
thermochemical hydrogen cycles. They may be
described by the following equations,

S0, + 2H,0 —> H,50, + H, (1]
50, + ZH,0 + I, = H,50, + 2HI (2]
S0, + Br, + 2H,0 — H,S0, + 2HBr (3]
3/280, + Hy0 —» H,S0, + 1/2°S (4]

In the first reaction SO, ln solurion (sul-
furous acic) is oxidized at the anode and hy-
drogen evolved at the cathode of an electro-
lysis cell. This electrochemical step in
the "hybrid" sulfuric acid cycle has been
under extensive development rt the Westing-
house Laborcrory in this country (6) and at
the .Tuelich Nuclear Research Center in
Germany (7). The sacond equation describas
the prime reaction in the thermochemical cy=-
cle under devalopment at the General Atomic
Co. (9). The reaction is ronducted with ex-
ceas lodine and the key result is the forma-
tion of two immiscibie i{quids: a relacivaely
concentrated H,S0, solution and an iodine-
rich HI solution. Hydrogen formation ir ef-
fected by the thermal decomposition of HI
after it is separated from water. The third
equation describes the use of bromine to ox-
idize 50, in solution to form quite concen-
rrated H,30, and yleld gaseous HBr. In the
most fuliy éov-lopnd version of the over-ll
cycle, the HBr is dissvlved i wataer and an
eleactrolysis step im used to evolve hydrogen
and regenarate bromine (9). The fourtk aeq-
uation actually represencs equilibrium in the
SO0,-H,O system (10) and although the normal
roiccion rate is extremaly slow, fairly

vapid reaction rates can be achieved by meann
of catalvscts. The reaction wae mtudied at
Lya Alamor several yaars ago (1l1l), but was
tabled because methods developed for the use
of sulfur in reactions to complete the cycle
were not really satisfactory,

The oxygen evolution in sulfuric acid cycles
results from the varall thearmal decomposi-
tion of the acid as representad by the fol-
lowing equation.

H 80, —» H0 + 50, + 1/2 2,. (3)
It is important to note that all of the for-
mation reactions listed above produce the
acid in aqueaous solution and excess water
must be removed in an initial staep. After
"dryting,” the H2804(?) ia vaporited to form
H750,(x) at ~630 - 700 K (depending) on prea-
sura). This step racuires about 40X of the
total energy needed for the decomposition of
Hp80,(2) . With fncreasing temperatura the



1,50,(g) decomposes to Hp0(g) and SO3(g) and
the S03(g) then decomposes tu SO3(g) and
7;(8). At the projected operating pressures
(25=30 atm), a temperature near 1300 K ls re-
quired for high yield. Consequently, the
overall process of sulfuric acid decomposition
requires heat over a wide temperature range
and in this feature, is reasonably well
matched with the heat delivery characteristic
of a cooling gas strmam, e.g. from a circu-
lating gas-cooled reactor. However, the de-
sired maximum temperature is higher than a
realistic "process temperature' for high tem~
peracture reactors and the higher temperature
available from solar thermal systems woulc be
beneficial to all sulfuri: acid cyclas.

Reaction 5 above has lheen invescigated ar dif-
fereant laboratories. The results are in gen-
eral agreement and several catalymts have been
identified that are effective in fromoting

the final SOy dacorpieition. Extensive cor-
rosion studies have been conducted on possible
container materials for the overall H7S504 de-
composition y.rocess. Matarials havae been
identified that perform adequately in tasts

at stmospheric pressura. It is genarally
agreed that the most corrosive conditions are
assoclated with licuid H750, at its vaporizu-
tion temperature.

At the present time, workers ai the Euronean
Communities Research Center in Ispra, Italy
are construcrting a waell designed system with
good instrumentation for studyirg the concen-
tration and deccnpositicn of sulfuric acid on
a semi piloc plant scale (about one matric

ton of Hy50, par day). The systam is being
conatructed from components that are available
commercially. The acid concentration and
vaporizaction unite sre ccnstructed of a ce-
ramic lining (bricks) i{neide carion ateel.
Haat for the sulfuric acid vaporization step
will Ve supplied by injecting hot air, at an
initial remperature near 1075 K, into the acid
{n the vaporizer unit. The overall procas.

is called "Christina" by rhe lapra workers
(i2). The advantages cited for tha procass
are counterbalanced by the necasgicy of heut-
{ng and circulating relatively large voluanes
of alr {n the varinus procass steps. In ad-
dition, the p.essure of oxygan in the air
suppresses the dacomposition of S04 (n the
high temperature step. For example, for the
asmmed maximum temperature ava'lahle from a
reactor, only 402 of the S04 cycled through
the Christina aystem ls decompcosed in the

high temperatura step. The result (s a weri-
ous derresse in the overcli thermal afficlency
of the process

The results of the (l:istina experiment will
be of interest and lmpurtance In th» develop-
mant ¢f sulfuric acid cycles. It would be
valuable to conduct sulfuric acld decomponi=
tion experiments on a si{milar scale utilizing
heat exchanger rystemsa in p'ace of the adia-
batic aymtema. [t (w alao of value to note

that the efficiency of the Christina proceas
would increase with an increase in the maxi-
mum temperacture. Thua, it might be of unique
value for solar thermal systems in contrait
to gas cooled reactorw.

2.2.2 Metal Sulface-Sulfuric Acid Cycles

As indicated above, one disadvantage of sul-
furic acid cycles 1ig the fact that the ac .d
is produced in aqueous solutiou and excess
water musc be removed befora the acid is va-
porized and decumposad. In prirciple, this
energy intensive step could he avoided by rhe
formation of insoluble matal gulfate from che
reaction of H2804 in solutlon with a metal
oxide (or an oxysulfate). The dried suliate
would then be deacomposed at high temparaculre.

The resultant procesces m&iy be described as
sulfuric acid-metal sulfate cycles. For such
cycles, the "ideal" sulfate would bs insol-
uble, would not be highly hydrated and would
not require excissive temperature (axcessive
heat) for {ts decomposition. Bismuch sulfate
was chosen for tha first study of this cype
cf ¢ycle mince literarvre data i‘ndicated that
it approximated the above characteriscics.
The ralatively high cost of biswmuth is un-
desirabla, but would be acceptable in a cycle
with a recsonable rurycle period. Further,
of sevaral obvious sulfates considered, bis-
muth sulface appearsd to La as@entially the
only one that would fnrm by reaction with
dilute acid and also cecmpose at & cemperature
low enough to permit ressonable coupling vwith
s high temperatuire process heat raactor.

Bismuth sulfate dacomposes through a saries
of intermed_ate uxysulfates recther than di-
rectly to bismu:h oxide. The fullowing equa-
tions Jescribe tha decomposirion steps that
are raelevent to the cyclae,

‘ -
B1,(50,)y, — B1,0(S0,), + 50, (6]
B1,0(50,), -— B1,0,50, + 50, (7
81,0,50, —>Bi,0, ,(S0,). , + 0.3 S04 (8)

Enthelplev for Roactiors 6 and / were messurad
exputimentally (13). Tha values cre 161 and
172 kJ/mol respectivaely. Although the eathal=-
py for Reaction 8 was nnt determined, f{t
shauld approximate that for Reaction 7 (per
mole of S0.; mince the decomposition procaads
rapidly to the orysulfate produce of Reactiuva
8. Bt 0(50‘) 18 the stable eulfate in ccn=-
tact vith sulfuric acid in the c¢oncwuntiration
range of 3.0 to 32,7 wtT at ambisnt rewpera-
tures, This oxysulfate contains chrae waters
of hydration. At acid concentrations higher
than 3Z.7 wtX Lhe utable sulfate iw Biy(S04),
with no waters of hydrogen. froa ruch studlas
it {8 clear thet theve are twu altoraate bLis-
muth sulfate cycles hased on an i{ritial reac-
tion to form sulfuric acid., Theea may ba
dencribed as Altenate [ and Alternace II1.



Soch cycles contain an additional step for
the decompomition of 503 to SO2 and 02.

ALTERNATE 1

Bi 3(50 + 2.3 HZSOA b 4 512(50

e
2.3 1,0 (9]

+ 2.3 SO3 [10]

2%2.3(500¢ 4

312(50 — B1,0

nE 292.3(50,)5 7
ALTERNATE 11

31202'3(504)0.7 + 1.3 HZSO -_—_> 5120(50

4 R

1.3 “20 [11]

13120(501‘)2 — B1i + 1.3 503[12]

292,389,095

Alternate I requirev higher strength sulfuric
acid, but for esch mo'e of S0y finally decom—
posed, requires a lower bismuth inventory and
less energy for drying tie solid sulface.
Howevur, the fact that the molid rectains sig-
nificant quantities of soluiion (that must be
remrved by avaporation) sariosly degrades
the advantages of nmetal sulfart. cycles based
on high strength acid.

Alternate [I requires lower strenpth sulfuric
acid. Its potential advantage wouid be in
combination with the hybrid sulfuric acid cy=-
cle and depend on the possibility that signi-
ficanctly lower voltages would be requirad iIn
electrolvees to form dilute acid. Up to the
present time, juch lower voltagew have not
been realized in the electrolyeis of SO2 to
form dilute acid In comparison to alectrclysis
ir more concentrated acid. Therefora one may
conclude that additional development will ve
required before the advantages of metal sul-
fate-sulfuric acid cycles are ac.ually real-
{zad.

2.2.3 The Magnesium Sulfate-lodide Cycle

For several years, efforts At Los Alamos and
other laboratories have been directed toward
the davelopment of sulfate cycles that dn not
include tha formation of sulfuric acid as an
intermediate step. Such efforts heve baen
largely unsuccessful. However, in recent
studias at Los Alamos, rersonable yields have
been achieved at a temparaturs of 425 K for a
raaction {a which gassous {odine was employed
to oxidize Mg30q in the preserica of excess
MgO and yield solid MgSO; and solid MgI, (14),
The reactfon may be described by the follow=
ing equation

Mgs0 .YNZO + Mgo + Iz(l) -

3
MeSU, + Mgl, + YH,0(3) (131

tha n.sol.ouzo uned {n the expariments vas
partially dehvdrated at the temperatures and

the passible role of water vapor in reaccion
13 rerains to be determined. Nevertheless,
reasonable yields have been achieved and ad-
ditional reactions confirmed (in our Labora=-
tory or in other laboratories) for a sulfate
based cycle that does not include solutions
as intermediates., The cycle Is closed by the
nydrolysis of MgIy (in the presence nf MgSO4)
to foirm NI which i3 then thermally decomposed
to give hydrogen and iodine.

2.2.4 O0Oxide Basad Cvcles

With the development of solar thermal systems
as viable heat sources for thermochemical
water splitting, it 1s apparent that cycles
based on s8olid oxide decomposition as the
high temperature step may offer unique ad-
vantages for coupling with a solar furnace,
since the oxide can be heated and dacomposed
in air ar temperatures where the oxygen dis-
soclation presasure exceeds the presaure of
oxygen Iin the atmosphere. Thus, the oxide
could be heated directly by solar radiatioan
entering through an "air window'" and the dif-
ficult problem of transmitting heat to the
process, either through a container wall or a
quartz window, might be greatly simplified.
Therefore, atudies have heen initisted to de-
termine practical conditions for tha low-
temperature staps in oxide cycles. Oxide da-
composition reactions are also being avalu=aced
in rotary kiln and fluidized bed syscems.
Soma of the deccmposition reactions baing con-
sidered (and decomposition temparatures) are:

IFe,0, ——»2!._10[. + 1/2 0, (v180ZK) (14)
2Cu0 —»Cu,0 + 1/2 0, (“1350K) [15]
Co,0, —=»3Co0 + 1/2 0, (+1225K) (16]
wlnz()_1 — ZMnJO‘. +1/2 0, (v1225K) (171
M0, ——>Hn,0, + 1/2 0, {~800K) (18]

One method for ,romoting low temparature re-
actions in oxide cycles involves the use of
lodine in the general reaction:

MO + MN'O + 1., —» M0 +H'12(lq). (191

2
Available tharmochamicsl data fndicate that
such reactiona could occur vhere Mg(OH); re-
presents M'0, although in soma cases they de-
pend on the large heat of solution of Mgl,.
In genaral, the lower the decomposition tem
peratyre (and concurrent lower requiremant
for high temperature heat), the larger the
enargy reqired to zoncentrate, dry and de-
hydrate the iodide solutfone, Surh steps are
energy intansive and lead tn lower efficlen-
clies. Nevertheless {r seems probable that
the advancagas of oxide cycles (particularly
for solai heat) will overshadow the dimadvan-
tapes of the solution chemistry. In some
cases, it might be {easthle to minimire over-
all energy requirementms by utilizing fodides



with lower heats of solution or by using
alternate folvents.

Experimental studies are being made with co-

balt oxides as the first example cf the class
of oxide cycles outlined above. The ccmplete
tycle may be descirbed by the following equa-
tions:

3CoC + Mg(OH), + I, —>Co 0, + HgIz(aq) +

2 ™
H,0(8) {20}
Mgl,(aq) —> Mgl,(s) {21]
MgIz(s) + Hzo —~—> Mg0 + 2HI [22]
ML —>H, + 1, [23)
€040, —> 3Co0 + 1/2 o, [24])
Mgo + H 0 —)Hg(DH)Z [25)

All of the reactions have been tested and,
except for reaction 20, occur rapidly and in
good vield. Up to the present time, reaction
rates achlieved for this reaction a,e too slow
for a practical cycle, Future work will in-
volve attempts to accelerate the low tempera-
ture reaction in the cobalt oxide cyrla, as
well as testing similar reactions in the
other oxide systems.

J. SOLIDS DECOMPOSITION TECHNOLOGY

Thermochemical cycles based n solid dacom-
position reactiona are vell suited for use
witn a high tempurature isorhermal solar heat
source such as solar. Howeve:, the valida-
tion of such cycles should include the de-
velopment and testing of mathods for the
practlical utilization of solid dacomposition
raactions at high temparature. Consequantly,
a laboratory-scale rotary kiln . us coastruc-
ted and used ir studying the dec)Hmposition

of differant solids. The results suggest
that these high temperature riactions are
very rapid. For example, for a rasidence
time of only one minute in the "hot-zone" of
the «iln, B170(S04)9 was 961 decomposed at
1123K, Zn50, was 922 decomposed at 1283K and
Co,0, 1001 decomposed at 1283K. These re-
sults suggested that fluidized bed sy-tems
would be well sulted for the reactions under
consideration.

Acteupts to study B.y0(50,)7 decomposition
{n & fluidized bed system weres unsuccessful
since thesa su)fate particles vould not
fluidize satisfacrorily. Therefore, a dusl-
particle fluidized bed ayatem was concuived
for tha high temperature decomposition reac-
tiong. In this system, a bed of spherical
farticles of Zr02 approximately 430 micro-
mater diameter is fluldized with argon. The
argon algo serves am a carrier gas to trane-
port smallar particles of tha powder to be
decomposed to and through the bed. A screw

feeder 13 used to meter the powder. The de-
composed material is collezcted down stream in
a cyclone separator,

The dual-particle fluidized bed concept was
tested by studies of ZnSO; decoxposition. 1In
these experiments, a constant flow of argon
carrier gas (0.2 mol per minute) was passed
through the fluidized bed. The quantity of
ZnSQ4 was varied to obtain differant mol
ratios of carrier gns to sulfate feed. Tem-
peratures were measured by means of a thermo-
couple on the exterior of the quartz tubz con-
taining the fluidized bed. The resulr- from
two deries of experiments are summarized in
Table 1.

TABLE 1

Sulface

Bad. Temp. Ar/Sulfate Decomp.
(k) mol ratio %
1175 55 55
1175 17 33
1175 11 26
1225 55 85
1225 22 61
1225 11 48

The extent of decomposition was obtained by

analysis of the solid product trapped in the
cvrlone serarator. The mean residence time

for the ZnSO4 in the fluidized bed vas less

than one second.

The fluidized bed experiments indicate that
high temperature solids decomposition reac-
tiona can be couplad effaectively with high
temperature isothermai heat sources avajlable
from developing solar thermal technology. For
sulfate decompositiions, a mixture of S04, S0y
and 02 would be utilized as the fluidizing gas.
Fo: oxide decompceitions, air could be used to
heat and flvidize the pouder.

4. CONCLUSIONS

The use of solar thermal energy to produce hy-
drogen from water is an attractive concept
that merits continuing effort in attempes to
develop a practical technology. Much of tha
base tachnology in concentrators and receivar
systems slready daveloped for solar thermal
pover production will be applicable to hydro-
gen production processes. Improvements in
base technology will continue to be applica-
ble. For example, enargy storage for slac-
tric systems will also be valvable for thermo-
cheaical bydrogen production eince all such
processes involve low to intermadiate tem—
perature staps that require almowt continuous
oparation. Specific technology for the trans-
fer of heat from the solar receiver to the
chemical process {s an area for additional
developmant., Some promising techniques have
been identified, however, and progrers al-
ready made on thermochemical hydrogen cycles



indicactes that the processes can be coupled
effectively with solar heat.
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