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M. De Beni
MARK-1 as en Example of a “Direct% Process for Pro-
ducing Hydrogen
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Intreduction :

Hydrogen is produccd today by rcecacting certain fuels
(nethane, oil, coal) with water. These fucls somchow
roduce water, liberating its hvdrogen, and a certain
amount of hoat is ahsorbed in the process.

Extra heat is-necessary because the overall reaction
is condothermic. It comes uwsually from the partial
combustion of the fucls rcacting with water, but it
cann be added through a heat exchanger, and the
source can he a nuclear reactor.

In the st case, howevor, the anount of nuclear heat
that can bc sold as chemical energy can cover a qui-
te limitcd fraction of the chemical energy in the
products (10 + 15%), and, as a conseguence, it can't
have a large influence on the prices.

On the other side therc is a great advantage in u-
sing rcactors of very largce size because heat cost
1s very size-sensitive.

As ir. lMarchetti said, this has been the driving for-
ca2 to find a process exclusively linked to nuclear
cnergy. So our goal was clearly set: ektract hydro-
gen from water using just hcat without using Ffuels

or electrolysis, that means finding a way to substi-
tute completely the role played by the fuel. This
with the obvious constraint that femperatures must

be in tune with what reactors can give now or in the
next futurc.
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The_Search for a Direct? Process

As a gencral trend, with the remarkable cxception
of carbon monoxide, the free cnergy of formation
of a cortain oxide is continuously decrcasing as
the temperature increases. So, for cach oxide, it
will exist a certain temperature Td at wvhich the
equilibrium oxygen pressure will rcach, e.dg. 1 atm.

The simplest way then to split water would be to
heat it high enough to dissociatc it and to separa-
te in some way thoe dissociation products: hydrogen
and oxygen (at the temperature of dissociation, e.g.
by permcation or after a rapid quenching).

nut to realizme this proccss, heat at about 2500° -
3000°C would be neccassary, and this is out of the
possibilities offcred today by nuclcar reactors.

The free cnergy valucs for oxide formation at room
temperature are gulte spread from positive to very

nagative values, even higher than -100 Kcal/molc.

I1f the room temperaturs value of free cncrqgy for
o cértain oxide is lower than about 30 Kcal/mole
there is a probability that its T, will be lower
than 1000°C. (Figure 1 : A F versus T for va-
rious oxides). e took 1000°C as refercence maximum

temperaturc that we could use in the process.

As it can be scen from the diagram, oxides lying
in the upper left region will disscciate before
rcaching the temperaturc of 1000°C.

So, an indircct way to dissociate water could be
the following : to transfor the oxygen from water to
another elcement, whose T, 1is lower than 1000°C.

a

9l
From the samc diagram it is also possible to draw

informations about the rcaction that cen take place
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Fig1 Standard free energy of formation of oxides
as a function of temperature '
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botwecen an element and an oxide. If we put together
one clcment and one oxide or, and it is just the
same, two clements with a deficiency of oxygen, the
oxide will be formed that has the more negative fre-
energy of formation. That is, in this diagram, the
stabler oxide will bc¢ that in the lower position.

In ordar to get the oxygen transferred, as mentio-
ned bcfore, we must have an elemnt wvhose free c-
nergy of formation is higher, in absolute value,
than that of water at room temperaturce, and bocome
0 below 1000°C. On the usuai diagrem the line
of the frec onergy of formatioh of this idcal ele-
ment (or comporncnt in gencral) would lic in the
uppar left rcegion and would have a slope high c-
nough to interscct the line of water at the lower
tomperature and the line of zero I F before 1000°C.
Unfortunatcly we didnft find such compound {and
probably it doasn't existh

In absence of this ideal compound we must look for
another trick, and this will be morce casily found
the higher the maximal tcemperaturc avallable.
Originally our maximum allowable temperature had
been tentatively fixed at 1000°C, with an incent-
ive For process using hceat at less than 800°C.

Duz to these limitations we thought that the way
to dissociate water would be morc easily found

1f the process couid be splitted in two branches;
that is if water can be transformed in one acid
and one base; then using the acid to attack some
mctal, and the basc to generate some hydroxide
that could be dissociated in the temperature range
we nad allocated.
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Once these points established, the choice among the
various possibilities hasg’ been Quite restricted;
for the oxides we thought, for ex., of mercury,
silver, higher oxides of uranium, manganese, in-
dium, lead.

The choice of the metal restricts the fields of pos-
sible acids to rcact conveniently, and so on for the
foliowing steps.

As the result of this type of itcration process, we
have found a set of chemical compounds through
which it is possible to realize the dissociation

of wator by a closcd chemical cycle.

It is quitc evident that there exist other possi-
blc cycles, that will be, as wo alrcady said, morc
and morc simpls as higher and higher is the maxi-

muwn allowable temperature.

The !ARK-1 Cycle
The chemical ecicments on which our cycle, named
JIARK-1, is constructed arc : mercury, bromine and

calcium. The sct of reactions in the cycle is the

following
700°C
1) CaBr, + 2H,0 ~———3 Ca(OH), + 2HPr Watcr Breaking
250°C
2} Hg + 2HBr ———>= HgBr_ + H Hydrogen Shift

) 2
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3) HgBr, + Ca(OH), _100°C, CaBr,+HgO+H,0 Oxygen Switch
2y Hgo SL°C o ne 4 /0 o, Oxygen Shift

The swm of thoe four roactions is

——— + 1
H,0 —> H, + /2 0,

For cach roaction we have a certein enthalphy change
ZXI{, and their sum will he cqual to the enthalpy
change for the dissociation of water, taking natu-
rally into account not onlv the N H of the reac—
tions, but also the heats involved in heating and
cooling the various products, and in thc concontra-
tion (i.2. compression) of LBr and CaBr,. In fact
HBr is produced in reaction (1) at a ccrtain partial
pressurc in en cxcess of steam and must be concon-
trated, ond CaBr2 is produced in a water solution
containing morc then the twe molecules of water

necessary for its hydrolvsis,

Now, if wo add the cnthalpics of the four reactions,
the heat for heoating, cooling and compression of
the various fluids and materials and the enthalpy
for thc formation of water from the clements we
find that A\ H = 0. It must bc clearly so because
the cycle must respect the First law of thermodyna~
mics. But the sccond law imposes other constraints
wae are going now to analysec. |

o T o o o i it s s L e i, ke B s g i e . e T e

Onc of the First roactions woe had to face when pre—
senting the process is that the Fact thet we can
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~vtyact the heet by reacting hydrogen and oxygen at a
temperature quite higher than the maximum tomperatu-
rc 2t which heat has beon consumed in the chemical
ctions appecars as a contradiction to the second
1arr. This is not the case because the reactions in the

cycle are such that we have also a releasc of degra-
ded hizat at lov tomperatura.

Stated in a different way : the lack in ontropy coming
from the high temperature combustion of hydrogen is
compansatced by an ¢xcess of entropy coming from the
onthalpy of coxothor ~lic reactions at low temperaturc:
-5 & rosult the sum of the ontropics of all thc steps
will 52 zero. rospecting the sccond law of thermodyna-
mice. I don't write here tus velucs of all entropy
changcs connccted with the various steps of tho cycle,
bocavsce they arc not reliablo cnough, in particular
tha valucs for high temperature are lacking, so the
a2l

Salanct losts raal

ot

hat
all thc reactions have boin tosted in our laboratory

noaning. ¥e must say, howevcr.

ond thoy run in the propor dirvcection. But I can give

Y

on oxample of a much simplor cycle whcre tho ricchanism

is prociscly verificd (Fig. Wo. 2, ' of sulfidecs
versus T).

This is a diagram in which awe reported thoe froce o-
ncrgics of formation of sulfides (tho First onc did
relor to the oxides) wvs. tomperaturc. The same type
of information can bo extractsd from this sccond dia-
gram, cnd I refer to the folloﬂing'threc lines & the
linc of goro free cnergy of sulfur, the linc of the

couilibrium Fo5-FcS, and the linc of formation Of

2
hydrogen sulfidc.
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Fig. 2 Standard free energy of formation of sulfides
as a function of temperature
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By thc same rules already mentioned, we know that.
the three following reactions go in the direction
marked at thc temporaturce indicated:

3 T e 350 o 1 e
1) :IQS + F&5 S Iy + I"082
e 700 . . . 5 @

2) Fofl,  ———fmm—2> FC8 4 1/2 S,

3) I, + /285, 2o H,S

Here we nave again a closcd cheomical cycle with

&)
(=3
5
o]
=)

msfer of heat to higher temperaturcs, a kind
of hecat pump, but without consumption of chemicals.

Let us lock now at the thermodynamics of the cycle.
The cnthalpy changes roughly calculated for the
rcactions arc the following

reaction 1 N H o= - 16 keal
rcaction 2 o INH = 4 cun
reaction 3 NH = - 28 ©

The swn of the onthalpy change (with the assumption
that heets for hcating and cooling arc balanced)
is zero, according to the Ffirst lav of thermodyna-
rmics. The values of the entreopy associated with

the reactions arc the following

~-26, 45 and -1€ and their sum is again nearly

nero, so tho second law of thormodynamic is respected.

The small discrcpancies come from uncertainties in

the state of association of gaseous sulfur : S, or

Fad

Q- a

5
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(By the way, 1f we had a source of hydrogen sulfide
this could be a mean to dissociaterit in hydrogen
and sulfur, somcthing perhaps interesting refinc-
rics who now liberate sulphur by partial oxidation
of HQS).

This cyclae could also be scen as a mean of dispro-
portionating hcat : the heat that goes in this black
box at 700°C comes out part at 350°C and part at
1500°C. Thce three amounts arc such that the entropy
balance is always zero (in conditions of reversibi--
1ity).

In general we can say that 1f the rclcase tempera~
ture of the high temperature heat is continuously
incrcasing, thac ontropy associated with this cnorgy
is diminishing and the entropy balance must be finally
supported by the heat released at low tomperaturc,

actually we find tho relation ungu = QT%" and this

is just the well known relation determining tho o

ko

n
ficicney of a Carnot cycle, for producting ¢.g. me-
chgnical energy from heat.

tlore details on HARK-1

In fig. 3 we show how the verious steps of the cycle
are intcerconnccted. The reoal layout may be auite
difforent, dbut in this diagram the primary conncce-
tions linking the different steps arc alrcady pre-
sonts The lines refer just to chemical products,

and there are no indications for the heat flows.

Being a closed cycle we can  start at any point.

In stcp 1) (whore reaction 1 runs) calcium bromi-

de and watoer vapor are going in, and, after reaction,
hydrobromic acid with excess steam and calcium hvdroxy-
de are coming out.

BUR/C~I3/1062/1/6%¢c
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Hydrobromic acid goes to a distillation column in this
schema, whose outputs arc water at the top and con-
coentrate hydrobromic acid at the bottom. The concen-
trated hydrobromic acid is fed into the step 2), with
mercury, to porform reaction No. 2. The products of
this rcaction arc : avdrobromic acid, watcr, mercury,
mercurous bromide, mercuric bromids and hydrogeon. In
a first soparatOL,uascs arc seperatoed from the li-
guid, and hero we produce hvdrogen {that must then

be washod with soma calcium hydroxide before leaving
the nlant), in the same separator mercury and marcu-

H

ous bromidce (quite insoluble) are scparated. Mercu-
ry and nmorcurous bromide are fed again in step 2):
thz remaining solution is stripped to separate most
of the hydrobromic acid it contains; thoe stripped
hydrobromic acid gozs 1n the distillation column at
the proper lovel:; the mailning solution of mercuric
bromide is fcd into stcp o) with thoe water and the
calciwa hydroxida coming from stap 1).

After this step we have a solution of calciwm bromi-
de which is easily separatced from thce mercuric oxide
prccipitate. The solution of calcium bromids is con-
centrated before going to hiydrolysis in step 1).
Morcuric oxidne is fod in step 4) vhoero we have its

thermel dissociation.

The se ation of tho products of dissociation can be
realized for example by quonching thoe vapors and so
condensing tho mercury, ﬁvoiding in this way a backe-.
ward rcaction with oxygen. This quenchihg could also
be rcalized, e.g. by expanding the vapors in a tur-
binec. llercury coming out from this stop gocs into
step  2)  to react with hydrobromic acid{ At this
point tho cycle is completed and an input of water and
an output of hvdrogen and oxygen is the global re-
sult.

uwm*ksmoCEHR/C“IS/EO62/T/69G
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The knowlcdge we have now for somc of the rcactions
is not sufficiently good for evaluating yields, not
to speak abcut costs.

Chemical Consideration about the Reactions (1) - (4)

e s AR e . o S T e o L L PR v e A S S S Sy o T e LA S S S — i At T W S T . g B e e St T

Recact. Ho. - - HgO ——3 Hg + 1/2 0,

Only the dissociation of mercuric oxide is well known;
dissociation rate 1s not a problam and there are ca-

talvsts ablce to increasc this rate if noecessary: dis-
sociation prassurs vs. tamperaturc is well knovm, too.
A bettor knovledge is neoded for thoe rate of recombi-

nation because this rate dofincs the cooling rate for

)

React. No. 3

Hglr, + Ca(OH), -~——-3+ CaBr, + HgO + H,O

2 2

g didéntt find mny information in thae literaturc for
th2 preciritation of morcuric bromide with calcium
hvéroxida., From some cxporiments performed in our
laloratory, wo found that the precipitation can be
rcalized in a2 boiling scoluticn at atmospheric pros-
suire: with a cortain cicess (10--20%) of calcium hydroxi-
de, boiling tho soluticn for a Fow minutcs.

Wo o arc running other tests in order to verify if so-
ne mercuric bromide is held in solution as a complex
withh calcium bromide alrcady formed. A similar pos-
sibility of complex formation cxists when the pre-
cipitation 1s madc with sodiwm or potassium hydroxide,
but thern arce no data for calcium hydroxide. Another
parameter we arae going to study is the time requirced
for the proper praecipitation of mercuric oxide. We
rmust reduce this time at a minimum in order to reduce
the hold up of chemicals, particularly in those steps
vhers mercury is proscnt.

EUR/C-18/1062/1/6%¢
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For tho reactions of pracipitation and dissociation
it seems that there arce no serious problems concor-
ning vicld, ratc of recaction and materials of construc-
. tion. Difficultics arise when hydrobromic acid is pre-
sent. This is the case of the distillation column, and
tha cquipments for the scparation and stripping pro-
ccoases after the reaction 2. In such cases ve have an
acidic solution at tomporaturcs between 100° and
200°C: and only fow mctels or alloys arc cxpected to
vithstand those onviromacntal conditions. In parti-
cular ve think of the Hastellovs (or Tantaium and
iTiobium). The other two reactions run at more drastic
conditions snd construction matorials becoms the key
prohlan.

Rezotion lio. 2 Hg + 2HBr a3 HgBr, + H

The reaction of mercury with hyvdrobironid acid is not

DJ

cseribed in the litoraturo- thore arce just some in-
dications that & veaction can take place with forma-
tion of hvdirogun.

Lot us examine 1t in detedl: ag is written reactants
are mercury and hvdrobrowmic acid, but in our casc the
125t one i1s not tho pure acid, 1t 1s an azcotropic

seclution coming from the distillation columne.

For tho cconomy of the rcoactions, things would proba-
bly go hetter if we could usc ankydrous hydrobromic
acid, but this would mcan an additional operation
on the hydrobromic acid solution aftor it has been
concentrataed to the azcotropic level. Thoe choice

. between the two possibilitics will be the result of
a more detailed study on the relative ecconomies.

Our cxperiments have shovm that the reaction runs well
in iiquid phase (this should not rule out the possi-
bility of running it in the gas phasc). The pressure

ClibPDF - wwww fastio.cpime /0TS, 1 /1062 /6%
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was the vapor pressure of the solution of hydro“ro-
nic acid, that has been evaluatcd to he 6-7 atm at
200°C. Containing such a pressure clearly is not a
problem, and indeed our tests at 200°C havce been
performed using glass capsules. But some tests, also
in glass capsulas, have shown a gquite faster reaction
rate at 250°C, and we expect again higher reaction
rates at higher temperatures; however, thermodynami-
cal calculation shows a less favourable cauilibrium
constant as the tomporature incroases (th reaction
is exothermic).

It bocame cevident at this point, however, that we
couldn’t usc glass capsules as tho temperature ine-
crcases becausce the vapour pressurce of solution be-
comes teo high end furthormore thore is the build-up
of hycrogen, so we ore studving dovices, c.g. a re—
flux cooler, allowing tho cxtraction of part of the
hydrogen from tho reaction vessel wvhile the reaction
is running. Howover, right now and for our laborato-
ry eyxperiments ve arz asscessing the already mentioned
naterials @ Hastelloy, Tantalum, Niobium, keeping in
mind that also morcury is presont, and MHonel 00, a
useful alloy for acidic cnviromment. suffers stress
corrosion cracking in prosencs of marcury or morcury
salts. Other possible solutions could be based on
enamels and imparvious graphites.

As we already sald we must look for conditions where
reaction rates are high when oxpensive mercury is
praesent.

In this reaction wae have also a ncgative effect due to
the overvoltage for the formation of hydrogen on mer-
cury surfaces. This overvoltage rasults in a slow-dowm
of tho reaction rate and in an unfavourable displa¢e~

ment of cquilibrium. ¥e dontt know yet hovw' hydrogen

DUR/C--I8/1062/1/69¢
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overvoltage will play a rolce in those cenditions of
temperature and pH, but in any case we have planncd
to do a certain sct of tests with the addition of
propecr materials (graphite grit or platinum} in order
to reduce the effects of overvoltage.

Among the reaction products there is also HggBr2 :

wo don't know the kinctics of formation of the two

mercury bromide and duc to the higher free cnergy

of Fornation for the Hg,Br, (by respect to HgBrz) it

could be that this product is an intevmediate in the
. formation of HyBr, .

~

In any casc at tho end of our tests {of a duration

from 1 to 10 hours) we always Find a2 cortain amount

of Hg,2r,. This product can easily be scparated and
o —

~

a ctudy 1s n=zcessary to find 1f it can be dispropor-
tionated in I gh;m nd nmercury, to be rocycled, or if
it must be rocycled as it is.

Reaction Ho. 1 CaBr, + 2H,0 ——23> Ca(OH),+ 2HBr
—— [

For tho hwarolysis of calcivm bromnide there is also
very 1little information in literature, and, in spite
of thoe good intontions of tho authors, they are only
qualitative. '

Yo tried some cxperiments of hydrolysis and we were
faced immodiately with the difficult problem of ma-
terials. Thomnodynamical calculation, and som? expe-
riments we did, show that the couilibrium concentra-
tion of hydrobromic acid is more Ffavoursble as the
temporature increasces. But as the te mpO““ture incrcascs
. there are also probloms which rapidly grow. To give an
idca of the temperature range of interst, we can say
that under 500°C there is practically no hydrolysis.
Over 700°C calcium bromide begins to he too volatile
and may distill away to the cooler parts of the vessel.

UR/C~15/1052/1/6%¢
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The products of wvdrolysis are hydrobromic acid and
calcium hydroxide. Ye try to obtain this last product
instead of calcium oxide because the cnthalpy of the
overall reaction. that is strongly endothermic, is
diminished by about 15 Kcal/mole. But calcium hydroxi-
de is in equilibrium with water vapor at onc atmosphe-
re already at 547°C and the couilibrium pressure is
doubling about cvery <0°C. For that rcason we must work
under pressure 1f we wish to profit cf the heat of hy-
dration of calcium oxide.

Tentetive reaction conditicns finally arc

1) rax. temporature near 700°C;

2) Prossure high cnough to form Ca(CH,) (it will pro-
bably be arocund 50 atm):

3) High HBr cencentration in the gas phase @ wo oXpect

somc percont in partial pressurce.

Duc to the prescnce of an alkaly on the wall we must
find a mateorial able to withstand all these conditions
and with a not too bad thormal conductivity. 1t might
e that this reaction couvld be performed with another
schame requiring loss stringent material conditions,
for cxample with a spray tower, where hydrolysis 15
cing porformed “in flight® , or with a fluidized bed
wvhore heat is carried by circulating steam, but to
assess those possibilities a better knowledge of the

M

kinctics is neaded.

Some clements of ccononics

e S i R T i i T oy e e R WY S o S Sy e e Bk

Thermodynamical calculations show that the theoretical
cfficioncy of the proccss is around 75% (it depends a
1ittlc from the tomperaturcs at which recactions are
actually run). This mcans that a minimum amount of
heat, 3000/75 = 4000 Kcal/Nm‘)’H2 is needed for the pro-
CCSSe

. .
The actual amount of heat consumed/Nm” of hydrogen

IR 00IS/1062/1 /69
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produced depends clearly on the practical efficiency
of the process that cen be calculated only at a quite

advanced stage of plant decsign. We assume for our
considerations that this cfficiency is 50%, this brings

the heat necessary for making 1 Nm~ of H, to 6000 Kcal.
If we take electrolysis as a rcference process and we
axamine it only from the point of view of energy con-
sumption, we sac that we need 5 Kwh/Nm3 Hy: this means
at least 15 theormal Kwh at the lovel of the power plant
heet coxchanger or about 13.000 Kca]./NmBH2 (apart from
the plant cfficiency, transformation and transporta-
fion lossos have to be taken into account). Zlectro-
1lysis has some value as a reference, bzcause it also
uscs only heat to decomposo water and because it has
becn propeosed as a mean to use nuclear encrgy to pro-

ducz (relatively) cheap chamicalse

If we take mothane as the primary onargy source for
hydrogen production, we find that the overall thermal
cfficicncy of the process (stcam reforming) is about
505 and that assuming the cost of the Mcal being cqual
to onc, for methane, in arbitrary units, the price of
the lical of hvdrogen is about 2.5 {(sce data in the

pepar of Prof. Schultcn).

]
[l

Nov, if we can have the primary dMeal at a cost of 0.5
in the sams units, as the HT Rcectors scem tO promisc,
the cnergy cost For producing H, will be 1/tcal (in
the same units) and we have a difference of 1.5 to
accomodate capital costs and profits. This sounds
quite rcasonable, in the light of chemical industrial
practice, for very large plants end it is at the base
of the justification for the effort of rescarch we

are proposing.

It should olso be taken into account the fact that

vaen making hydrogen with coal or methanc, OXygen Comes
out in bound form, as practically valueless CO,. But a
process of “dircct® raduction produces it as a valua-
ple chemical ﬁuro 0,

o S e g


http://www.fastio.com/

ClibPD

M.

Marchetti
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I would 1like to thank Dr. De Beni, after all hc did
invent this process, and I ask you to start raising
questions about the process itself. If I could resume:
the economic driving force for going into this kind of
process of producing hydrogen 1S that hecat from the
reactor costs 1 and the cenargy in hydrogen costs 5. In
this factor of 5 we should have the room for accomo-
deting the officicncy, the cost of the process ond,

e hope, some bopefits.

I open the discussion, "if you have any question...

Kugeler

Can you givae me the enthaplv values for the several
rcactions, for each reaction as a value per cubic meter
of Hydrogen. You said 6.7 Mcal for the whole process?

Yes, I have them all. You wish to have the cnthalpies
For the reactions?

For rcaction of hydrolysis is 25 Kcal/mole;

for recaction No.2 wa have - 22 Kcal/mole, it is exo-
thermic:

for rcaction No.3 it is very lowv: 6 Kcal/mole;

for the last one, the dissociation of mercuric dxide
is 33 Kcel/mole, .
This is not all because we must take into account the
amount of hcat necassary for concenrating hydrobromic
acid and calcium bromide. It is 40 Kcal for the con-
centration of hydrobromic acid and 26 Xcal for the
calcivm bromide. Also heats of cooling and heating
have to bc balanced.

Stceman

Doecs the Figure 6700 Kcal/m3 also contain the cnergy

www fastio.com
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nceded  to run plant e.g. to run pumps, pressurise
vessels, etc., ?

e S e ot T e

You said the first reaction¢gives'+ 25 Kcal, the next
- 22, the next +6, the next +33. So if you add this
together, you have +42 kcal. Now in order to split
vater you thepretically need 57.8 kcal. What is the
reason for the difference?

As I said bafore to Mr. Kugeler the extra calories
arae spent in concontrating hydrobromic acid and de-
hydratating calcium bromidc.

But we are talking now in theoretical terms. You need
the theoretical heat in any casc and in practice even
more.

—— - — —r—

Concentration of hydrobromic acid means compression
because here in this reaction we have this enthalpy
change, but w2 havoe at the end an hydrobromic acid at
low pressure, that means that we have this in an cxcess
of steam. Practically this is equivalent to have hydro-
bromic acid at low pressurc. It must react then as con-
centrated acid. That mecans, we must compress hydro-
bromic acid.

. That means you need actually more energy somevheres..

1. Do Beni

— ——— s it e e A

et B Ml e ks ke e e

50 at least we come up to the requircd amount.

ClibPD www fastio.com
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-~ "8 -

Marchetti

I may say that theoretical cfficiency is 75% more

or less: thermodynamical efficiency, yes, that means
you neced; 1.3 calories of input heat to get one
calorie in hydrogen. This is the result of the calcu-
1ations nade in more detailed form.

Knoche

Now is the gucstion what is the concentration of hydro-
bhromic acid in the first step.

De Beni

Experimental raesults for the hydrolysis rcaction at
atmospheric pressura. _
CaBr, + H,0 ——> Cal + 2 HBr

Temperature Concentration |
°C g.HBr/Liter condensated stcam

300 2,43

00 1545

500 10,9

600 34,4

650 68,8 ; 73,0

700 278

727(1000°K) 133

750 408

The last valuce probably is hot correct, becavse at this
temperature calcium bromide melts and so the surface of
contact was not large cnough to rcach the equilibrium
value during hydrolysis. In any case you have these
concontration values: the highest value is from the
1000°K cxperiment and given a density of 1.29 correspon-

ding to 5.35 mols/liter with a mole fraction of 0.1

that is 10% in mols at 1000°X.

BUR/C/IS/1062/1/69 e
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M, Valectte
. The amount of heat which was given to produce hydrogen
from clectrolysis it was given 5Kwh for the production
of onc Kcubic meter and it was assumced an effeciency of
30%. This is why you reached 15 Kwh for Ncubic meter
the cguivalent boing 13000 Kcal and this is for normal
clectrolysis. How if you take your process, if I under-
stood well, the Ffigure was 8000 Keal.
. Do keni

I understoocd 6000 was your reacuired cnergy. In any case
I wanted to say that nuclear reactors in particular HTR,
cre aiming at producing clectricity with 50% cofficiency
wvith gas turbincs. So there instcad of 13000 Kecal for
the quivalont of 5 Kwh you would have something like
5600 if you have 50% officicncy. So you have 8600 Keal,

so tho wmargin will b2 smaller than thoe one given there.

I Just want to give a littls answer to Mr. Valcttce.
Another point which is very important is that capital
costs for clectricity production is cuite high. I mecan
you have o long process. You go from to mechanical
cnorgy and then to electrical cnorgy and then roctify
it then you make clectrolysis. And at cvery stcp yvou
have machinery handling a1l the energy dowvm to the

step of electrolysis. In our casc we have a singlc stcp.

M. Valette

But I don‘t know what would be the capital investment
for such a plant neither, so this is ...

EUR/C-I5/1062/1/69¢
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You sec, general tronds say that chemical plants for the
same amount of cnergy handled arc much cheaper than c-
1cctromechanical plants. I can't demonstrate such a sta-
tement for our process, in general it is so.

Vay Heek

T have some question about some of these reactions. The
first one is that a solid-gas recaction and thoe next one

is liguid-sclid”

Do Beni

Licuid~liquid

Franzen

ves, it must be so, bacause mercury is liquide

7o hevrs a solution of morcury bromide. dMercury bromide 1S
quits soluble, and to tho solution we add 2 suspension
of czicium hydroxide, a slurry. Calcium hydroxide is qui-
te insoluble but it goos in solution as it reacts with

mercury bromidce.

e need at least two fluidized beds For the reaction be-
twzen solid stete and gas and you will have at least

two liquid rcactors vhich are actually not too oXpensi-
ve. So this process appaars feasible from the tcechnical
point of vicir.

Let me mention still another point. We should not link
the chemical problems with the energy probloms, becausae
you szid that for the high temperaturc reactor you need
a devclopment time of 10 to 15 ycars and you don't know

ZUR/C-I1S/1/1062/6%¢
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vet which process will be cconomical in 15 years,

. using highcr temperatures. In order to recach the aim,
one should always take the conditions as they arc now.
For the water splitting process under discussion it
should@ alrcady nov be economical to use fossile fuels
in order to obtain marketable hydrogen. %We should not
look now at a nuclear source of heat, we just should
usc fossile fuels to make this process work: and if
nis is the case it will be even more cconomical at a
later time if nuclear cnorgy is uscd. In other terms:
ot presont we should not link tho devclopment of the

chemical process with the development of nuclcar plants.

"mat I vant to say is: the development of the special
techniques to combine thesc four steps con be done
indepondontly of what type of heat you have to introduce
into it: where the hzat is coming from, whether from a
nuclear reactor or from a simplce combustion of oxisting
Puclis, of coursc, this development can be done, You can-
not sac from the what source it comes From.

And it has to be economic at this time already with
fossil hcat sources.

, I'ranzon

So this brings mc to a cucstion I want to ask you. Did
yvou aver just calculate, assuming a certain cost for
the heat to put into the various steps, what vauld be
the price of onc cubic meter of hydfogon, say at a
purity of 99%;n0t thigher? The cconomics for using
hydrogen for various processaes are so that the market
at this time and in the noext years will accept hydrogen
only at cartain cost conditions. This is for instance
vhat the hydrocracking pcople say: hydrogen can be used
in cnormous cuantitics for the hydroéenation of high

ClibPDF - v fastioBER/C/I8/1062/1/69 ¢


http://www.fastio.com/

ClibPD

- 52 -

boiling residues; if you can dispose hydrogen at a

price, say below 4, make it 3,5 to 4 Dpf for one Ncubic

moter with a concentration higher than 90%, that would

cause an cnormous consumption of hydrogen. This is my

question.

If -

——

www . fastio

Marchetti

I can try to give an answer. Ye started with a

certain price of heat. That is in mills 0.8 mills.

The theoretical cfficicency of the process is 75%,

1ot me say, that the practical onc is 50%, a figure
like anothcr. That means that just from the hcat
balance the cost of hydrogen will be I.6 mills per lical
ofF encrgy in hydrogon.

¥ugeler

May I do a little calculation, you need 6.7 Mcal for
Mcubic metcr hydrogen and if you take a price for the
lcal in fossile fuels like in the Hetherlands, 0.52
Dpf/iical, you got vithout any capital costs a hydrogon

-

pricce of 3.5 Dpf pro Ncubic m&ter.

liarchotti

Tut wo arce talking only of the heat balance not the
capital cost for the momant.

Xugeler

Yos, without any captal cost.

Franzen

This production cost wouls be 3.5 Dpf for 1 Cubic mcter,
well, capital st add a certain amount to that pro-
duction price; this depends on what depreciation one
could have for the capital, and on the size of the plant
of course. If the sizc on the plant is big, the first
condition and if you can say, well, we have a writing-
off-time of 15 ycars or cvcen more, then I think that tho

GO s fa i 7 f ey m
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addition to this production price on behalf of capi-
tal costs is only nominal, maybe 20% or 10, I don't
know, but very nominal. So this would lead to the si-
tuation that, based on thé_energy cost of normal fuels
‘we have on hangd nov, 0,52 Edr natural gas for instance,
the'hYdrogen can be produced with the new processes at
a price which is comparable with the price now on the
market.

M. HBhne

Could I give it in a diagram?

M. Marchetti

Yes, yes, thank you.

M. Franzen

Yes, but this involves more eguipment, because to con-
vert heat from one level to another needs in practice
nore egquipment.

It may be easicr to explain it with a piece of chalk.

Today hydrogen is produced by gasification processes.
The price of this hydrogen is composed of two almost
cqual factors. One factor is the price of gas or coal
required for gasification and the second factor is

the depreciation. |

To make the gasification process work you have to burn
about 25% of the total fuel, in order to enable the
other 75% to react with water to produce H2 and COQ.

. The 25% of the total fuel amount, which is needed as
hcat source for gasification‘méy be replaced by nu-
clear heat. The rcomaining 75% of fuel can, however, .
not be replaced if the process described by Dr. Kugeler
is applied.

BEUR/C~IS/1062/1/6%9¢c
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Now for the water splitting process described by
Dr. De Beni the plant costs will be certainly higher.

I feél they may be almost twice as high as for the
usual gasification procesé. This would mean that for
the fixed cost alone YOu will reaéh a cost level equal
to the total cost of hydrogen produced by usual me--
thods.

Consequently hydrogen produced by the new process will
in any case be more cxpensive than usually produced
hydrogen, irrespective of the heat source involved.

However, the new process will also yield oxygen, and
in all cases in wvhich oxygen can be sold the new pro-
cess may right now be economic.

If the price of the coal rcquired for the usual process
will, as expected, in future more intensely rise than

the fixed plant costs, the relationship between the

cost of the usual process and that of the ncow process
wili improve in Ffavour of the new process, in particular
if the price of the nuclear heat required for the new
process decrcases.

As a result, the chances of the new process will no
doubt be more favourable than thosc of the usual
method.

Marchetti

v — o L ————

We agree with you, certainly.

Stecocman

Well, the point is this. One of the main constraints
in this process is the highest temperature that can

be allowed: the 700° nowadays. Now when Dr. Kugeler

is right you should keep in mind that in 5 or 10 years
the higest temperature could be somewhere around 900°
or something like that. Would that changc your choice

EUR/C-IS5/1062/1/69¢
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of type of reactions you are to use to produce hy-
drogen?

M. Marchetti

A very good guestion. Well,perhaps the answer is now
ready. '

M. D¢ Beni

Well, the Ficld is open, the higher is the temperature
we can disposc of, we can in principle find simpler
cycles, with a higher cfficiency.

M. Steeman

No, I was thinking nothing of a higher efficiency,
but I have some expericnce in chemical industry and
in handling things like chlorine, bromine and so on;
especially at those high temperatures you are up for
a quite a lot of corrosion problems. You spoke al-
recady about that.

Now supposce for a minutc that when you reach an up-
per limit of about 900 or 1000° and you could device
a process not using halogens, or for instance, nét
using mercury. This would surely be much better, and
onc ceuld fear then when you have devcecloped a process
1ike this in five years at least, it could become
obsolete before it 1s introducced in industry.

M. Marchetti

You are perfectiy right and in fact this afternoon

we arc going to discuss what to do next. We are very
avare of this situation, and for that reason we think
that in spite of the fact that our basic ideas are

very probably sound, at present 211 this set of pro-
cessces constitues a field too riéky for industry, in
the sense that new processes can come out three years
from now, Ffor instance, or that we have a very rapid
increase in the output temperature of reactors, because
someone somewhere invents something. This is the main

ClibPDF - www.fastio.copupR /C-I8 /1062 /1 /69
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reason in my opinion, for such kind of work should
not be repeated in 20 places in Burope, but is done
by a single Buropean organisation. Our general ob-
jective after all is to work on problems which are
very important, at medium-long term, and so risky
that industry is not rcady nowv to take them.

De Bcni

T have a supplementary answer to you. Let us look
again at slide No. 1. On this slide wec can £ind ano-

A hidden in cyele). The first cycle I EounE—QIEﬂ_
this diagram, is this one. Here we have the line of the
vater that intersccts the line of the carbon. It means
that at this temperature, that is at 700°C, we can
react water with carbon to give carbon monoxide and
hydrogen. At this tomperature the pressures of all
components arc the sanme.

Once this rcaction performed, we caﬁ separate the car-
bon monoxide and cool it at a lower temperature ¢.g.
250°C and rcact it with magnetite, Fe304 . Thermo-
dynamics is such that at this point, at a temperature
lower than 250° we must have a reaction between carbon
monoxidc and FeBO4 to give F€203 and carbon. Once se-
parated the products, carbon and Fe203, we can heat
Fe203 at 1400°C and have a dissociation of this pro-
duct into oxygen and Fe,0,. (M. Marchetti : The pressure
of oxygen is one atmospherc). | -
This is just an cxample of another cycle that can work,
in principle, with a maximum temperature of 1400°C.
The recactions are
- water plus corben gives carbon monoxide plus hydrogoen
at 700°C;

- c~rbon monoxide plus magnetite give carbon and homa-
tits, y2s, ~nd this must go ~t 250° in principle;

- Ionmntite will go to magnoetite plus oxygon at 1400°C.

s fas iRy m-18/1062/1 /690
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This is ancther possible cycle with a maximum tempe-
rature of 1400°C. Theoretically possible because there
are complications e.g. there are separation problems,
bacause the low temperature rcaction yieclds two so-
1id products that must be separated. It is not so easy.
But this is just an example for another cycle which

woe could have using an higher valuc for the maximum
temperature.

M, Gallonae

The trouble is that this sccond temperatura looks a
little bit too high.

]

M., Marchetti

o i e e s e B e i e i

It is not thce only trouble! But you sce, this was just
an answer to the cucstion if it is possible when
increasing temperatures ... it is possible tharmodyna-
mically.

But you know you should first get accustomed with this
type of rcactions at all. So if one starts with mercu-
ry, it is cuite right. Subscquently one can go over

to tho other systems, and one will use experience from
thc one process for the others.

So I don't think that this procedurc is wrong.

M. Marg@ctti

nat we will discuss this afternoon: What to do next?
We have a schome for answering all these queastions
i about tho research prograom.

M. Knoche

I would like to point out that all the reactions in

your scheme are reactions with two constituents on

ClibPD uﬂMUHSHOCONEUR/C—IS/%O62/1/69@
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the left side. Only two different materials on the
1eft side. One could think also of let mc say, three
or morc reactants on the left side and this gives
quitc a much more variety, and I think the rcactions
proposed by Prof. Schulten are of that type. Are
reactions with metal, steam and for instance iodine.
So the choice of affinities are quite different and
gives quite a possibility of varictics of combina-
tions, end I think it may be cuite fruitful to go to
different rcactions. '

“hat we arc rcally interested in is to find a process
as simple as possible. If you could use only one che-
mical, ©.G. sclenium which may alonc be sufficient as
a spilitting agent, this would be the best solution.

M. Xnoche

More constitucnts doesn't mcan more steps, necessari-
1y

ves but mere possibilities of reaction between them,
c.g. putting together copper, water and iodine, the
main products arc Cul and water; not copper oxide and
hydrogen iodide.

M. Knoche

0f course, of coursca.

M. Marchetti

e e e e e S g o

chemical firms and‘keep silent. If you have any pro-
blems in speaking English I could maybe help in trans-
lating, you can specak French.

EUR/C-IS/1062/1/69¢
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’ Ce sont des problimes ris trés attachés au probleme

de chaleour ot dans lo fond nous pinsons que clest

tr. s nouvcau pour pouvoir Ztro commo ¢a decidl; on

peut difficilement avancor des 1d7¢s sans lancer des
prix diinstallations, ot nous avons 1thanitude, loraquce
aous étudions does procédds nouvooux cowne ceoi, do |
lancor simulitondment ¢os prix 47installation. Bt je
nensa qufil est nicessaire pour nous d'avoir une idle

du colit de 17iavestissamnant pour pouvoir xprimcr unc
opinion séricusc sur oo Jonrc de Ciosos.

. Marchetti

ki o n B e o o o Fro

you soo, my point of wviow i1s that o proce

i'J‘}

1s ZCONnO-
mical vwhon somebodv is making profit ovt of it so at

= quite larga stage ead we have to start somawhors,

I would say that the frome into which @ are trying

to Fit our process gives o certain room for coonony
but o give 2 fixed price wo have to weilt At least a
pilot plant, a prototype plaunit ~nd thon some yoars
latzy we will have o fixed prico. S0 you sce, wo are at
thie very proliminary stage from thoe point of viow of

the utilisation and in fact my porsonal guass is that

1

ve are not going to soc a pilot plaant befora 5 or

10 years, from nowv. Is ©hat a good answor?

M. HOOne

T fecl we will not got vory much Further if we discuss
the tochnical details of this process weause we do not
know &1l raolovant details. Vo just lcarned this pro.-
cees from your description and raised somo auastions.
But in uy opinjon it would cortainly ho intcorsting

at this moment if o could sec your laboratory which

would bo more Inspiring than theoroticol discussions,

DUR/C-1IS/10562/1/680
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¥, Marchatti
Well, in my opinion these discussions arc of hcip“to
us at least end wn come bhack to the reason why we in-
vited you here. It's to have a reaction from poeoplae
in industry about something which up to now has not
boon our vocational purposa.

i1, H8hno

But this is a point of discussion for this afternoon.
Now wo arce talking, as Ffax as I understood, about your
couations and the pessibilities which arisc out of
these cquations. Wo heard thoere ara difforont possi-
pilitice, differant ways: ona using mercury, one using
iron, one using this or that, <.g. cadmium, but wa
have no real impression of the difficulticss occuring
in practical oporation.

W have heon too clear, cssentially.

M. HOhno

Well, I thought that wo »eally aroe now at point wheore

-
33

we cannot discuss any further about the couations. T
feozl it would he prefcorable to use the tima to seoe the
laboratorics, until lunch and aftor lunch wo could
talk about the furthier work.

M. Marclietti

Well, to sce chomical laboratorics, you don't s any-
thing, after all. All you sec is the same thing, fur-
naces and boakers and things like that. Our laboratory
in particular is a laboratory dovotcd to developing

of matarials. Matarials are very important cucstions
about ... a chemical procass, however, you don't sce

EUR/C-1S8,/1062/1,/6%¢
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anything which is precisely gecared to the development

~of this process because the work we arcec doing now is
chemical in character or theoretical and there is no
special apparatus for doing that.

b et e i e

Well, I thought you checked these steps in laboratory
cquipment, which will give an idea how simple the
design of a pilot plant will be.

Marchetti

I don't think soy ... I give you an example.

The rcaction of hydrobromic acid with mercury. That's
a quite tricky rcaction because people think that,
well «.. IFf you ask a chemist, so straight, he says
that hydrobromic acid does not react with mercury.
Well, in fact it rcacts under certain special condi-
tions and we arc studying the equilibrium values and
the rate of reaction.

But experimental apparatus arc glass capsules which
arc inserted into a furnace. That's all and I can
show you the glass capsules.

H&hne

————— At S - e B g i b

Now a continuous flow is made, in the casc e.g. of
the rcaction of calcium bromide with water, with
steam lct me say, but also in that case the apparatus
is very simple, it's a furnace with a tube and with
some material in and with a condenser on one side
and with an evaporator at the othor.

It's very simple. However, we may show you very
shortly our laboratory, just so to give an idea.

EUR/C-IS5/1062/1/6%¢c
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Perhaps a certain number of persons are here for the
first time and we can show what kind of laboratory
ve have and give a direct impression of our strength.

M. HOhno

——— - — .

Because after all we do not want to stay with the
theory, we necd an impression of practical opcration.

M., Marchetti

So we have 1/2 h before going to lunch, if there
is no opposition to this proposal, we can go to
see our laboratorics. You think so? 0.K.

BUR/C-15/1062/1/6%¢c
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