Lawrence Berkeley National Laboratory
LBL Dissertations

Title
A PRELIMINARY EVALUATION OF HYBRID ELECTROCHEMICAL-THERMOCHEMICAL CYCLES
FOR THE PRODUCTION OF HYDROGEN FROM WATER

Permalink
https://escholarship.org/uc/item/0b1007 3

Author
Munger, David Herbert

Publication Date
1976-08-01

Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0b10073f
https://escholarship.org
http://www.cdlib.org/

LBL-5477
c.

| A PRELIMINARY EVALUATION OF HYBRID u
ELECTROCHEMICAL-THERMOCHEMICAL CYCLES FOR THE
PRODUCTION OF HYDROGEN FROM WATER

David Herbert Munger
(M. S. thesis)

August 1976

SREIVED
SR ERiCR

S Y LABORATORY
Lel 191976

LIPIRARY AND
DOCUMENTS SECTION

Prepared for the U. S. Energy Research and |
Development Administration under Contract W-7405-ENG~-48

-

K.

For Reference

Not to be taken from this room

~

y

13

\ LLpS-THT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
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.‘ A PRELTIMINARY EVALUATION OF HYBRID ELECTROCEEMICAL-THERMOCHEMICAL
. CYCLES FOR THE PRODUCTION OF HYDROGEN FROM WATER

David Herbert Munger

" Materials and Molecular Research Division, Lawrence Berkeley Laboratory

; and Depdrtment of Chemical Engineering, University oI California,
’ Berkeley, California 94/20

ABSTRACT

v_Water decomposition cycles, of the hybrid type, involving an.

_’electroché@ical cell producing hydrogen, and an oxide, and a subsequent

thermochemical ‘process loop which liberates oxygen and regenerates the

loker'oxide (br'hetal), are evaluated. A prototype cycle based on the

oxides:of lead:

H20 + PbO Electrolysis . H2 + PbOz
Pbo, ___Thermal Decomposition. PbO + % 0,

is presented. In principle, such cycles would allow the positive

characteristics of conventional water electrolysis and those of

‘_thermochemical'&ater—splitting cycles to be exploited to give higher

energy eff1c1enc1es. An equationbcorrelating the energy efficiency to

'several of the process operatlng parameters has been developed The

calculated,efficiencies of 28% to 46% for the hyvbrid cycles compare

“favorably to the 20% to 25% range for conventional water electroiysis.

The reasouns for this proposed higher efficiency are: Low reversible

cell voltages required, lower level of irreversibilities incurred

during electrolysis because of lower ohmic losses and a more reversible

electrode reaction; ‘and efficient thermal decorposition.
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The hybrid‘prooésses are proported toVoffer'oompéréble'éné%gy
efficiencies oo the thormoohemical cycles. Howevér,oooo hybrid
processes offer iocreasoo‘flexibility sinoe many'roaogions can be
performeo ;n oléotrol;s?;.ohich could.not ordinérii§ be accomplished
by thermal means. Leso difficult separations and»fewer corrosion
probiems mayﬂbe additional advantages offered by hybrid cycles.

Certain physical and economic limitations of hybrid cycles are
identifiea and discusééd. ~The major problems faoiné ghe hybrid
processes are the short supply and expense of the féaotant material, i
high solubility of the'anodic reactant (or product);‘iocomolete N
reactions, difficult material handling, poor heaf‘exchaoge characte;is*
tics, and difficolt filtration due to degradation of'the>solid.matorial.

Although ﬁoe oybrid cycles presented in this study are theoretically
equal or'supefior”to'the other methods for water decomposition, their
technological fegsibility and economic promise arg@ hevertheloosllnot

sufficient to contemplate their practical implementation.



I. INTRODUCTION

A. Hydrogen Economy Concept
In recent years, due to the pressure of ‘expanding energy demadds,
people have become aware of a limit to our energv resources. This
"energy crisis" has necessitated an evaluation of the problem. It is
generally concluded that an alternative to the petroleum-based economy
| . o - 1-7 -
must be found in order to relieve the pressure.

Much of the world's energy reserve is a direct result of radiation

from the sun. This resource is stored primarily in the form of natural

.gas, coal, and petroleum. If the high level of consumptibn of these

nonrenewable reserves is to be maintained, it will be necessary to-

develop other means to provide for future energvy demands. The two most

plausible substitutes for the fossil-fuels are.sblar and nuclear power

o . 8-17
generation.

. Another primary energy source is geothermal activity. However,
geothermal steam, hot rock, and hot water are capable of only minimal
contributions towards the total_enérgy supply and create several

18,19

environmental hazards. Hydroelectric, wind, tidal, and ocean

. thermal gradient ecnergy sources, all natural cxtensions of solar encrgy,

are limited in their availability and, in part, are aesthetically
. 20-23 '

questionable.

The efficiency of conversion of the primary energy sources into use-

ful forms of power, or products, is presented by Austin, et al. They

estimate the total efficiﬁnéy of energy utilization to bhe > 50% for 1970,



and the projected efficiency for the year 1985'15‘%44Z, implying that tbe-

increased gléctrical generation at 35% efficiency'is.the cause for this

decrease. - Since the hybrid cycles for hydrogen pfoduction involves the b
.use of glectricity, the low efficiency of eléctriéal generation can

have serious impliéations when eValuating the feaéibiiity of a proposed
hybrid cycle. .

Thé high'efficiency of énergy utilization Ey'induétrial, residential,
and commgréiél sectors reportéd by Austin, et al{ is. doubtful since theA
study of these sectors is based only on the first law.of the:modfnamics.
An American Phyéical Societ? study25 shows that, B;Qed upon the second
law of thermodynamics, the efficiency of industri51 proéesses farely !
exceeds 20-30%. Moreover, the efficiency of space heéting, air
conditidding, and refrigeration in all sectors of the economy is S 6%.
Since electfolytic processes generally operate at electrical efficiencies
exceeding 507 (see Chapter i, section B), the pfoposal for the devélop—_"
ment of hybrid cycles which have electrolytic process stéps is valid. |

The life-style of the American people should be ;‘major considera-
tion in act@al efficiency estimations. Tﬂe excessi?é and wasteful use
of high‘qualitylenergy carriers (electricity, natﬁréi gas, gasoline,
and oil) is a result of poor eﬁergy planning (unupilizéd Byproduct
éteam and éolar fadiacidn could substitute for many of-thé uses) and a
lackadaisical approach to conservation. The lack.of'conservation is , .
exemplified.by our "planned cbsolescence" economy in which most

American homes are riddled with disposable, mass-produced products of

low-quality.



EVen if»the problem of misspent téchnolog?‘is alleviated, there
is still the need to supplement the pfesent»ahd:fﬁture energy distribu-
tion_systeﬁs with é more compatible energy carrier. The qﬁeétion of
how sqlérfor npclear energy can_be converted to a more flexible energy

carrier has given impetus to the 'hydrogen economy" concept. The use

of hydrogen as a fuel is attractive because it offers superior perfor-

mance over electricity in the areas of total energy efficiency,

transmission, storage, and utilization. As a replacement for fossil

fuels, a hydrogen energy carrier has the particular advantage that
man's menace to the environment is minimal. It took nature three billion
years to convert the original atmosphere of reducing gases to oxygen

and nitrogen. In the last 75 years man has managed to increase the
| 126,27 .,

"carbon dioxide level by 25 ppm (8.5%). 3The real effect of this

increase on the weather patterns and ozone level is still not fully
understood, but it is quite probable that it upsets the balance of the.
natural procésses. Since both the raw material and combustion product

of hydfogéﬁ is water, the implimentation of hydrogen as a fuel provides

"an appealing alternative.

A number of studies and discussions concerning various aspects of

7’28_30 These studies

tﬁe "hydrogen economy'" have been published.
discuss a VAriety of considerations includihg'ﬂfdrogen production,
transmission, storage, utilization and impliﬁentétion. Safety, legal,
environmentél,_econoﬁic; political and social aspects are élso con-
sidered.: The éonclusions reached are generally supportive'of the basic

idea, but ‘it is stressed that much more research and development is

necessary in order to achieve the goal of a hydrogen economy.
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The th most frequently discussed methods_of hydroggn production
are water:elegtrplysis and thermochemical water dééomposition.cycigs.1
The third route-forlhydrogen production involvesa;ihybrid cycle.that
utilizes the positive characteristics of both electrolysis épd .
phermochemical schemesi All three of these‘procesées requir; heat as
an intermediate.energy carrier, eg. from either nuclear or sola;
soﬁfcgs. Coﬁvefsion of the heat into electricity isvalsé necessary
for operatiqn with the water electrolysis or hyb;id processes.

The question of whether to transport energy aS'électricity or chemi-
cal potential (?ydrogeqz is discussed by Leet}i.31 He;shows that it may
be more efficienﬁtand econémical to use nuclear heét to produce hydrqgeﬁ
instead of electricity. The high power losses in electrical tian§mission
leads to the qoﬁcihgion that hydrogen could be producgd and transgqyted
more_economically for delivery distances greater than 100 kilometgisa
If undgrground electrical cables are used, the distance‘is redhceq;;o:
lOng_kilomete?sf From an aesthetic standpoint, thé underground eieétri—i
cal cable or hydrogen pibeline are infinitely more‘desirabie tha§ over-
ground_gigctrical cables.

The probability that power-generating facilities wili be locatedz
in regions rcmote from the high—population—densityvareas lends weight
to Leeth's observations. Solar farms are practical only in isolated
seétors of the country yhere‘land is inexpensive aﬁd sunligh; is
plentiful. .Suclear power plants will be sited at costal or deep-sea
locations becapsé qf the necessity for the dissipation of large amoungé

of waste heat. Since most cities are removed from these locations,



y

it is iﬁpbrtant that the line losses in transmission of energy be kept
to a minimﬁm. '

_Tﬂe flexibility of a hydrogen fuel is fdrthér demonstfated by the
cabacity 6f hydrogen to be stored as a gas, cfyoggnic liquid, or meCai
hydride.32. The net effect is a load ieveling'df the power generating
facilitiés. Designers of present'day electticalfgehérating plants
must allow for a "load use factorf. This féduirement re;ults in a
highervcaﬁital ipvestment for equipment thaf is used for only a few.

hours a day, during the peak demand periods. ' The storage capabilities

"of hydrogen will eliminate .this problem by providing a buffer capability

to offset the power consumption surges.

Thé utilization of hydrogen is anticipated to take place in Stagest7
Initial‘impgct is expected in applications wﬁére large amoun;s of |
natural‘gés are presently consumed, such as émmoﬁia synthesis, industrial
uses, and:héﬁe needs. The use of hydrogen as a fuel for powering
engines fdf transportation purposes is the final steb for full realiza-
tion Qf a ﬁydrogén economy . |

The‘ﬁonpolluting characteristics of hydrogen fuel makes its use
attractije, especially in high—population—density areas. The exhaust
from a hydrogen fueled furnaée or engine hasjho unburned hydrocarbons,
no carbon monoxide or dioxido, and possibly'le;s NOX pollutants. There
have been several successful automobiles pdwered'by hydrogen built
recently. that demonstrate these importanf advanﬁages.33‘34

The use of hydrogen as a fuel can also lead to improved désign of

existing processes and end uses. 'For instance, liquid hydrogen fueled



aircraft will show to have improved performance over the use of kerosene

35,36

fuels. Studies at NASA claim that using liquid hydrogen in

A%

supersonic jets :will increase fuel efficiency and speed by providing
be;ter‘cooling énd a high energy density.

The hydrogen economy concept has been receivihg,growing Support
from the scientific community over the past few yéars. This is.evidenced
by the number of national and international symposi337f41 dealing with
the advances invthe technology of a hydrogen econbmy. .The major thrust
of theSe;confeféhces is toward finding an efficient, economically-viable
pfocess-fbr‘the pfoduétion of hydrogen. The predominant features of the
three proposed schemes for large scale hydrogen préduétion are presented.‘

in the following discussions.

B. Water Electroiysis

Electrblysié is presently thevonly commercial procéés used to
decompose w%te; into its elements. Water electrolysis accounts for
about 1.4 miliion kilograms of hydrogen per day, world—v.ride.42 lThis
‘quantity is only about three percent of the total'aﬁount of hydfogen
used in one day in the United States.7 Mosf of thé electrolytic
production is fdﬁnd in areas of the world where thé cost of natural
gas is higﬁ and the cost of electricity is rc]ativgly low. These arcas
include Norwayv, Chile, Egypt, and India. , ;

Generation of hydrogen-ﬁy electrolysis has many advantages'over
the proposed thermochemical schemes. The two most_abparent features are
the low maiﬁtenance required and the lack of cheﬁiéal by-products. _The

undesirable features of electrolytic hydrogen are the low energy
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efficiency and the high capital cost.

Tﬁe overall energy efficiency of hydrogeﬁ‘production by electrolysis
suffers from the low efficiency of convertihg‘heat into electricity, and
from losses in the operation of the electrolytic cell. Electrical energy
efficien¢y is defined as the ratio of the theoretical water decomposition
voltage (1.23 volts at 1 atm and 298°K) to the actual cell operating
voltage assuming 1007 current efficiency. Present day cells 3 operate
in the 1.8 to 2.2 voltage range, with a corresponding electrical energy
efficiency of 68Z to 567%. Combining these values with the 35% efficiency
of electricity generation, the electrolysis célliis capable of producing
hydrogen at a 20 to 25% overall energy efficiency.

Thé power losses due to the increased éell voltages are.dependent
upon three factors: activation overpotentiai'of the electrode processes,
ohmic resistance across the cell, and concentration overpotential.

The activation (or kinetic) overvoltage is a result of the slow
rate of the electrode reaction.. The type of metal used for the electrode
surface has direct bearing on the catalytic nature of the reaction.
Practical‘replacement for the noble metal electrode include the use of

44,45 and porous electrodes. The overvoltage is

Raney nickel catalysts

reduced by operating at elevated temperatures and pressures, and is

increased as the current density of the electrode reaction is

. 43,46

increased.
Ohmic losses occur as a result of low conductivity across the cell.

The resistance is a combination of resistances .caused by slow mobility

of the ions in the solution, gas bubbles forhed at the electrode, and

the presenée of a dividing diaphram. Methods of relieving the ohmic



losses include agitation of the electrolyte, and raising the temperature

or pressure of the cell.

i

Concenﬁrétion overpotential results from the cﬁanges in the
composition‘of;the layers of electrolyte close to Eﬁe eiec;rodes. This .
change in composition is charécterized by a deple%ipn of ions and the
supersaturation of oxygen and hydrogen within the;é_léyers. These
effects are minimized by elevating the operating témberature and
optimizing ionic and gas transport by agitation, 6; by the use of
porous electrodes. Electrolyzers of advanced design are showing
promising trends.towards higher current densities;bﬂigher efficiencies
and lower cost of operation. Various designs use aéueous or solid-phase
electrolytes, liquid or vapor water input, closer eléctrode spacing,
greater agitatidn, and higher temperature and preSéure ranges to achieve
the improved perfbrmance.

Allis Chalmérs has developed a high current density electrolyzer‘v
utilizing improvements achieved in the fuel cell ﬁéchnblogy of the |
1950-60's. Porous electrodes allow the gas bubbles fotmed on the face
of the electrode to be pushed out the back of the_elééfrode by the higherv'
pressuge in the cell. This arrangement allows for léwer ohmicvvoltage
drop due to cloéer electrode spacing and smaller void fraction from
_the evolving gas bubhles. The cell also operates ét a higher tempera-
ture. This operation at elevated temperatures redﬁces the cell voltage . A
losses even further by lowering the activation ovefpotential, the
theoretical cell potential, and the resistance of the electrolyte.

. 47 . .
Costa and Grimes have presented a design paper on this system based



on work'dqhé at the Oak Ridge'National Laboratory.

General Electrica8—50 has proposed a high:temperature electrolyzer
using an_iénic conducting solid electrolyte (calcium vttrium zirconate)
operatihg‘at 800—1000°K with a water vapor fééd. The high temperature,
and its éssociated advantages, is possible iﬁ thgvcell because the
lack of free acid or alkaline electrolyte miﬁimizes the corrosion
problem usually associated with elevated tempefatures.

The most important consideration in theﬂe§51uation of the
electrolytic process is related to the production of electricity.
Michel51 reviewed the eéonomics of hydrogen production and concluded
that 847 of the cost of electrolytic hydrogen is due to the cost of
the elec;ficity consumed. Consequently, there is incentive for the
developmént of more capital-intensive electralyzers that will have

lower electrical energy requirements.

C. Thermochemical Water Decomposiﬁion Cvcles

A search for systems that would allow prodgction of hydrogen more
economically than by electrolysis has lead tq-fhe proposél of numerous
thermochemical cycle schemes for water-splitting. The basis of the
improved ecbnomics is that there is no~electriéa1 generation step
involvod'iﬁ the process; the process is ﬁot inherentlyllimiféd by the
35% efficiéﬁcy of generation of electricity.

The ditect thermal decom@osition of water can only be accomplished
at extremely high temperatures (> 4000°K). This is not possible oﬁ a-
large gcaie at present due to the lack of a practical heat scurce,

and serious problems with containment and separation of gases.
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An alternative to direct decomposition of water is to run a series
of coupled reactions at.- lower temperatures. The highest temperature
' 52

expected from advanced nuclear fission reactors is about 1300°K,

implying that none of the chemical reactions can be proposed to occur

above that tempefature. The therﬁodynamic strétng}féf the formulation
of energy efficient cycles is presented in ChapteF:II. It is imperative
that these reaé;ions form a closed cycle in whiéhrégﬁer is the raw
material, hydfogen and oxygen are the products, anaséll other chemical
species are éomélétely reéycledeithin the system.  To date there Eave_
been numeroué‘ﬁhérmochemical'cycles proposed;53—68f
- The problems associated with the thermochemical cycles range from

fundamental to practical. Formerly, a majority of'fﬁé reactions in.
the proposed cyclgs have had very little useful impdétance. This has
led to a lack éftbasic information about the feasibility of the
reactions. Be@guse of the dearth of thermodynamic‘aﬁd kinetic data,
any estimates of the feasibility of the proposed prééesses must be
regarded with caution. Evaluations of some of the:mofg promising cycles
are given in papers by Abraham and Schreiner,69 Gléndtvand Myers,70 énd
'others.7l’72 :

It is stfessed that most of the résearch'on thermochemical water
decomposition cycles is in thé preliminary stages. The problems to be
solved are numeroﬁs. Nuclear reactor interfacing, infércycle heat
transfer, corrosion, slow kinetics, separation of like phases and high
capital cost of equiﬁment and reactants head the list of the most

pressing problems. To data there have béen no thermochemical processes

developed which are capable of producing hydrogen ecoﬁomically.

<y
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- D. 'Eibrid Electrochemical - Therméchomical Cvcles

A hybfid electrochemical-thermochemical‘watér decomposition'cycle
is a ééhéme in which at least one step is pgfformed by electrblytic
means, anaﬂtﬁe remaining steps are driven therﬁélly. The goals for
such a process are to utilize ﬁhe positive cﬁafécteristicé of both the
electrolysis and thermochemical systems in drdef'to obtain an economically
-viable, aﬁd énergy efficient method for produgiqg hydrogen.

A prdtotype scheme proposed by this‘reseéréh involves the substitu-
tion of leaH oxide for the oxygen electrode. _Dﬁring operation of the
eleéﬁrolysis cell, hydrogen is evolved at tﬁé’céthode, and lead oxide
_ié oxidized to lead dioxide at the anode. Thevlead dioxide is subse-
quently reﬁoﬁed from the electrolysis cell and tﬁermally decomposed. to-
leéd oxide éndvmolecular oxygen. The schemagi; for the process is
pfesented in Fig. 1. Thebadvantages of the hybrid process over either
the electrolysis of water or thermochemical decomposition of water are:

1. The serious irreversibility of the oxygén electrode46’73’74

is avoided by substitution with a more reversible couple.

2. A reaction, which is unfavorable in.reépeét to thermodynamic
or kinetic criteria, can be made feasible by adding the
electrochemical step. .

3. The hydrogen can be delivered at high pressures.

4. Corrosion problems are minimized.

5. The theoretical cell potential is lowered from the 1.23 volt

value of water electrolysis.
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6. Electrolytic cell voltage losses aré redﬁﬁe& by improved cell
design; and more favorable réactions.

7. Sépéraﬁion problems are eliminated.

‘8. Lower heat exchange requiremenﬁs ;han tﬁér@ochemical cycles.

9. Hydrogen is prodqced free of chemical byepféducts.

There arée several different possibilities fof}qnodic reactioﬁs'in
which .the anode product can theoretically be regéﬁé;éted by a thermal
process outéide-of the cell. The thermal proceséés_will involve either
a simple thermal decomposition of an oxide, or possibiy a series of
coupled reactions; A listing of these possibilities Qi&h some examples
includes: - |

l.v Anodic oxidation of a metal or metal oxidéiwith a simple thermal
decompdsition into the metal or metal oxide performed outside
the electrolytic cell (see Fig. 1);

2. Metal redox coubles which are. oxidized in- the electrolytic
cell and then thermally reduced in single or multiple thermo-
chemical.éteps:

Eleétrochemical reaction:
2CuCl + 2HCL > 2CuCl, + H, E° =0.153 v
Thermochemical reaction steps:

2Cuc12 > 2CuCl + Cl, AG® = 40.4 keal/mole

H20 + C12 > 2HCI + % 02 AG° = 9.2 kcal/mole

3. Organic redox couples that produce the oxidized species within
the electrolysis cell are regenerated by a single or multiple

step thermochemical scheme:



L

. | ELecTROLYSIS CELL

- —CAIHQDH PO + H,0—>Pg0, + H,
E° = 1.1 VoLTs

AvBIENT CONDITIONS

T

H,0

PO
POWDER

- PO,
POWDER

O

PBOZMPBO”Jr%OZ -

LEAD DioxIDE | ;k/”/”///’,“

DECOMPOSITION HeAT -
REACTOR

XBL 768-10053

Fig. 1. .Schematic of the HyBrid Cycle based on the Lead Oxide/Lead Dioxide

. Couple (Tobias (75)) .

-£1-
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Electrochemical reaction:

OH 0
+ H, EC = 0.669 v
OH 0]
hydroquinone quinone
Thermochemical reaction step:
0 OH
-1 o
+ HZO + 3 O2 AG” = 25.8 kcal/mole

0 OH
.Conceptually, the hybrid systems exhibit many advantages over the
use of either electrolysis or thermochemical cycles alone for the-split-
ting of water. It is the purpose of this study to pfovide a preliminary
evaluation of'the proposed hybrid schemes from an engineering point

of view.



ITI. THERMODYNAMIC CONSIDERATIONS

Since alllof the hybrid cycles presep;edtin chaptér IIT are in the
conceptu;l stage of deveiopment; it is extremelyrdifficuit to pfojeét
éccurateiy an>actua1 éfficiency féf é given scheme. It is possible
to use basié thermodynamic principles and data ﬁo:caiculate ideal maximum
.efficienciés for the hybrid procesées. However, determination df the
real inefficiencies of a proposed hybrid cycle would require extensive
‘experimentation and detailéd process design. The scope of the present
sfudy, a preliminary'evaluation, did not allow undertaking the complex_
experimentation involvedvin.che determination of kinetic and.trénsport
dé;a on é.widé range of materials and reactions of possible interest.

“The discussion on irreversibilities exposes the :Eader to the major
sources of inefficiencies in the actual process tbat might be involved
_in ;he production of hydrogen. The inﬁent of thé section is the
.estiﬁatioﬁ of the irreversibilities in order to make the calcuiation

of the process efficiencies more realistic.

A. Reversible Thermodynamic Considerations

The definition‘of reversibiiity §mplies th;t, in a cyclic procesé.
the initial and final states of that process, and the universe, are
exac;ly”the’same.' This situatioﬁ caﬁ be realized onlyvif.thelfollowing
reaction?pdrameters can be maintained:

1. ‘Work‘is generatéd at 1007 of Carn0t eEf1cieﬁcy,_

2. Chemical equilibrium is sustained, -
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3. ng;l’work of sepafution is realized,

4, Idé51 heat exchange (zero temperaturevdriving‘force)?

5. wak‘of expangion and compression is iaedi,

6. Electfolysis processes are 100% efficieﬁt.

All processes in nature must follow the laws Qf'thermodynamics
given by the equation defihing the>standard—sta§e\Gibbs energy change
for‘iéothérﬁa%:conditions:

Ac® = a8° - 1AS® L o (1)

;wbere AG° is the standard-state Gibbs energy bhéhge, AHO_is the standard- :
_state enthalpy change, T is the absolpte temperaturé, and AS® is ﬁhe
stqqdard—state entropy change. This equation. is used extensively as .the:
basis for the calculation of the various reversiblé characteristics of
the hybrid prbcesses.

1. Efficiencybof Reversible Cycles

There are four efficiencies generally used for the description of

69-72,76,77°

the performance of a reversible cycle. They are all derived

from the equation describing the Carnot heat engine neglecting expansion

Ty T, , '

work:

where AG is the chemical work produced by the cycle, TH and TC are the

temperatures of the hot and cold heat resefvoirs,'and QH is the total

heat absorbed from the high-temperature heat reservoir.



Iy

0O §

&

o
i
s
I
o

-17-

The thermodynamic work efficiency, E,bis the ratio of the chemical
work proauced by the cycle to the total he;t absorbed from the high-
tempefaﬂgre reservoir. Holding the inlet éﬁd 6ut1et temperatures. of the
proécséxpo ambicnt, the work efficiency is défined as:

S ac® - fTT N\
e = Qf =<“T°) | (3)
. S H

wherevAcg is the standard-state Gibbs energy of formation.

Thé second and third efficiencies relate fhe amount of heat
obtain;ble from the product streams to thexambﬁnt of heat supplied by
the higﬂ*temperature reservoir. The quantity of heat available at
standard%state from the products is the heﬁf‘of combustion, AH?.
Since'tﬁé'water produced as a result of this combustion wifl mosf likely
be in the vapor or liquid phase, the therﬁodynamic heat efficiency,

n, caﬁ;Be defined on two different bases. The lower heating value (LHV)
for combustion to water in the vapor phase'i$:57.8 kcal/mole of water
formed at 298°K and 1 atm. The higher heating value (HHV) includes the
latent heat of condensation to a liquid. Thé HHV for water at 298°K
and 1 atm. is 68.3 kcal/mole of water.

The heat efficiencies are‘reléted to the’wérk efficiency, €, by.
the ratio‘of the heat of formation to the Gibbs energy of formation
for the réaction. Equations (4) and (5) are fhe definitions of the
thermodynamic heat efficienqies:

_—MfW) _ e vy

n = 3
(LHV) Qy AG%

(4)
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i My Bl € | 5)
(HHV) Qy Ac‘; a

where subscripts‘(V) éhd'(L) signify vapor and lig;id, products
respectively. .

The relative efficiency, Y, is the ratio of the chemical potential
produced by a ﬁrocess to the ideal work that could be generated by a

Carnot heat engine operating between the two temperature limits:
AG
Q (TH_TC)
B\ Ty

For a completely reversible reaction the relative efficiency will be

(6)

unity because of the equality in Eq. (2).
The importance of the relative efficiency becomes apparent when

considering the irreversibilities of a process. Since the actual work

produced by a reaction is always less than the ideal work production of

a Carnot heat ehgine, the relative efficiency is well suited as a
measure of the deviation from reversibility.

Figure é\is a graph of the temperature dependence of the four
efficiencies. The work efficiency is preferred over the two heat
efficiencies because most applications of hydrogen (fuel cells,
cransportation, etc.) will involve the production of work and not heat.
The use of £ also provides for efficiencies between 0.0 and 1.0 which
is less confusing than figures that range between 0.0 and 1.02 or 1.2.

The principal advantage of using the heat efficiencies is that they
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provide a moré optimistic view of proposed éycles. The relative
efficiency is a valuable-toql because»it prévides a measure Qf
irreversibility that is independent of the temperatufes of the hot
and cold reservoirs.

2. Equilibrium Electrolysis Cell Potential

The overall reaction in an electrochemical ceéll is the sum of the
two individual reactions occurring at each electrode. For water
electrolysis the overall reaction is the decomposition of water into
oxygen and hydrogen (alkaline electrolyte):

Cathode reaction: 2H?O + 2e > H2 +'20H—

Anode reaction: 200 -~ %-02 + H20'+ 2¢

. . -]; . ) . . V.
Overall reaction: HZO - H2 + 5 Q2 . . (7)

Calculation of the standard potential78 fpf:the overall reaction .
involves the determination of the standard Gibbs energy change for that
reaction according to Eq. (1). The relationship between the electro- -

chemical potential and the chemical potential is;i

o |
° = L& o (8)

- where E® is the standard cell potential, n 1is the valency for the

reaction, and F is Faraday's constant (96,490 coulombs/equilvalent).
The Nernst equation, which is an extension of the Van't Hoff

, 79 . o .

isotherm, =~ is a statement of the effect that deviations from unit

activity have on the reversible potential:
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where E is the reversible cell potential, R_is the gas constant, V is
the stoichiometric coefficient, a is the activity, and spbscrip&s (1)
and (jjﬂrepresent the products and the reactants, resp. For water
elecfrolysis; the standard-state change in the Gibbs energy'is 56.69 .
kcal/molé;80 If the assumption of unit acgivity holds, then the
equilibrium potential will be 1.23 volts. The additional 11.54 kcal/mole
needed to satisfy conditions of enthalpy chaﬁge in Eq. (1) are sﬁpﬁlied
by the frénsfer of heat into the cell (TAS). vUnder equilibrium
conditions the forward reaction is exactly balanced by the.feverse
reaction éhd there is no net change in any of the properties. In
actual operation of a water electrolysis cell the necessary heat input
to offset the éntropy term is provided by diésipation of heat from‘the
various inefficiencies of the electrolysis (e.g}, ohmic potential drop
and eieétrode overpotentials).

A theoretical development and a more compiete application of the

thermodynémics of electrolytic systems are provided by Newman,81

-Potter,82 and Falk and Salkind.83

3. Chemical Equilibrium Composition

. All of the proposed thermochemical cycles involve at least one

reaction at high temperature. The temperature dependence of the

standard-state Gibbs energy change, AG?T) at reaction temperature T,
is determined by the changes of AHC and 7S :'79
, ; (T) (T)




o _ ,.0 _ o fA" '
AG(T) = AH(T) TAS(T) | (10)

Since the equilibrium constant, Ky, is related to the value of

0 -
AC(T)'

—AG(ZT) S
£n I\y =Rt o (11)

at 1 atm. total pressure, to obtain a reasonable reaction yield, it is

(o}

(T)

decomposition of water this temperature is approximately 4300°K.

necessary that the value of AG has to be near zero. For the
Clearly this temperature is too high for use in a practical thermo-
chemical process.
Several reports have placed the maximum temperature attainable
52

from gas cooled nuclear reactors at Th = 1300°K. This implies

N .

that the highest temperature available for a chemical reaction is less
than 1300°Kf ‘The equilibrium constant for water at 1300°K is approxi- -
mately 9.0X10—8. The separation of the reaction components at partial
pressures in the range of 10—8-atmospheres is obviously unfeasible.

The basis of the strategy used in the developméﬁt of fhermochemical
water decomposition cycles is the introduction of éhemical intermediates
in a multipleésfep process scheme in order to obtain reasonable equili-
brium cbnstants for each reaction at reasonable temperatures.76 The
sum of all the reactions would then be the decomposition of water into
hydrogen and oxygen, with the chemical intermediates being recycled.

A hypothetical example of the strategy to deéompose compound AB

is presented below:
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AS = A+ B AC?298) = + 20 kcal/mole (12)
As?zgs) =+ 5 e.u. (0.005 kcal/mole®K)

It is possible to estimate the temperature .at which this reaction will

have a AG?T)_= 0.0 by using the relationship between the changes‘of
. | o S .
AG(T) gnd T and AS(T)'
4G, .
(T) _ _ 2e0
ot - " 5(208) (13)

Reactioﬁ 12 wouid require a reaction tempefature of 4000°K in ordér to
get a reasonable conversion yield.

“If ghe reactibn is split into two sépafate‘reactions using a-
componeﬁt that is recycled, then it becomes possible to rud the 6verall

‘reaction at reasonable temperatures.

1) AB + C = AC + B

‘ °© . _ 10 : o _ _
';_AG(298) = -10 kcal/mole; AS(298) 30 e.u. o (14)
2) .AC = A+ C
‘ o _ . . o - _ ‘
.AG(298) 30 kcal/mole; AS(298) + 35 e.u. _ (15)

Reaction 14 is an exothermic reaction that occurs spontaneously
at ambient temperatures. Reaction 15 experiences a rapid decrease in
the Gibbs free energy change because of the large positive value for

°.  The reaction will proceed favorably at a temperature of 850°K

AS
where the GCibbs free energy change is zero.

76 )
Funk = showed that this strategy for the decomposition of water

could very well be a practical method. He also demonstrated that there
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are no possible two-step thermal water splitting éyéles. Funk as wéll'
as others f'%:express the hope that there are cyéles composed of
threce or mor¢ stops thaﬁ would prove té be economiéaily viable.

The appiication of this concept is also validffor the hybrid
cycles. Thelléad oxide-lead dioxi&e scheme (Fig;'i) is a good example
of the use ofkén intermediafe chemical species inaa:hybrid cycle:

Electfdiysis step: |

H

2O‘+ PbO - H2 + PbO2 E"=1.1v
Thermal step:
1 o _ |
.PbOZ -+ PbO + 7 O2 AC(298) = 6.0 kcal

56.7 kcal/mole of the work needed to split watef\is gupplied by the
electrochemical step. The remainder of the work'i;vsuppliéd by the
‘thermal decompésicion of the lead dioxide to lea& §xide and oxygen.
The decomposition temperature of lead dioxide is_téﬁen fFrom Table 1
~as 820°K. The hybrid cycle is proposed primarily as a method fo£
deéomposing water in which the work supplied by Ehe electrolysis
reaction is lowered from the value for conventionél'water electrolysis.
The potential for a higher overall energy efficiency can be realized
if the thermochemical portion of the hybrid cycle can be carried out

at an efficiency greater than that for water electrolysis.

B. Irreversibilities in Hybrid Cycles

Operation of any cycle at finite rates leads to irreversibilities
that result in the necessary lowering of efficiency from the reversible
value. The magnitude of the irreversibilities is most directly

dependent upon the physical environment provided by the manufacturer
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Table 1. Table of Decomposition Températures'of Metal Oxides for usc in
: Hybrid Cycles. Sources: Brewer,87 Kubaschewski and Hopkins85

—

Métnl Oxide B . _Reduced Metal Oxide Décomposition‘Tomp °K

M0, » ' _ . Mn,0, | 750
Mn,0, | M0, 1170
Co40, | | CoO 1240

Cu0 - o Cu, | 1370

Ag,0 ' e 455

Cdo : - e 1240010™3 atm
HgO Cowg 700

T10, | | 7 - TL0, | 760

PbO, . | - Pbj0, ‘_: .59

Pb 40, . | o . 820
sb-20S o ‘ o Sbe0. 4 | | 670
Sb6o13 I Sb02. ‘ | 970
'SBOZ | - Sb203 . 1350 .

 PtO | S Pt » 600
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for the given reaction to take place.

GenetqliYQvthE'more capital a manufactﬁrér isTQilling'tb put7into.
a process, the ;ore likely the process will‘perfofm with greater
efficiency. ‘fn the water electrolysis précess, fof example, ﬁhe use.of :
a noble metal'eiectrode instead of a nickel electré@e;results in a |
higher efficiency but also requires a higher capital cost. The other
alternative is ﬁo operate the cell at.a currént déﬁsiﬁy lower than
usual in’ordef to reduce the ohmic and overpotenti§i~losses. This
vmethod fequirés;an increased electrode surface areé, which results in a
still higher:capital investment for an eqpal producﬁionbrate.

By ideﬁéifying the sources of‘irreversibility;ié a process, it is
possible for an investigator to estimate the appfbximate degree of
energy losses that a system will exhibit. All of the processes mentioned
in this report are in the conéeptual stage-of_dévelobment, thus requiring
‘that the esfimates be arrived at by analogy tobexisting processes or
by intelligent gﬁessing.

1. TIrreversibilities in the Eleétrochemical'SteQ

"In an electfolytic process the degreé of irreversibility is
directly measurable by the deviation of the operating voltage from

81,83,46

the reversible cell voltage:

V=E+n +n + IR (16)
. a [od .

where V is the total cell operating voltage, na is- the activation
overvoltage for both electrodes, nc is the concentration overpotential
for both electrodes, and IR is ohmic drop. The deviation is due to the

fact that as a current is passed through the cell, there are forces
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generated which tend to oppose the passage df tﬁe current. In order
to susﬁaih a finite reaction rate it is necesééry to supply the cell with
a poteﬁtial of sufficient magnitude/to.overcome'Fhese forces.

All Sf the voltage losses are dependent upéﬁ the properties . and
design appropriate to the particular electro}?sis cell. For this
reason it will be assumed that the electrolYéislportion of all the
hybrid éycles will be carried out at the high'efficieﬁcy of 80%. This
is a reasénable figure when considering that the oxygen electrode,46’73f74
which is:a hajor source of cell inefficiency, 'is to be replaced by
anothef,:presumably more reversible, electrode. vOther design improve-
ments are possible, such as closer electrode spécing and removal of
the gas séparating»diaphragm found in ordinafy water electrolyzers.

-

2. Irreversibilities in the Thermal Step

The irfeversibilities associated with the'thermochemical cycles
have been reported by Flock.86 He used the availability, AB, to
relate the properties and conditions of any thermochemical process to

the amount of available work actually producéd by that process:

TN
AB = ( T )QH - TS, - an

where ASir%_is the entropy production within the process due to
irreversibilities.

The consequences of any irreversibility identified by the
production of‘entropy are that the availabilify will decrease. This
decrease in available work will result in an increase of actual work

supplied to the process in order to bring about the desired change in



~28-

availability.:
The redefinition of the relative and work efficiencies that includes

the irreversibilities is:

_ AB L
: Q :
TH H
T =T
AB  _ H c) .~ :
Cirr T 6;- - ( T, ) ¢irr o (19)

where wirr is the relative efficiency including.irrevgrsibilities and
€irr ié the work efficiency including irrevérsibilities.

In his analysis of the inefficiencies associated with‘the proposed
reverse Deacon reaction upon which many thermochemical cyclesvare based,
Flock used the following basic processes to provide a measure of the
irreversibilities:

1. Heat exchange - The energy loss in a heat exchanger is cal-

culafed by the difference of the entropy chénge of thé high‘
temperature heat reservoir and the low temperature heat

reservoir:

ds. =
irr

(20)

o8
i
= |8

The gencration of entropy is increasced as - the temperature -
difference becomes larger and as the mean temperature becomes

lower.
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2. Uﬁrecovered work of expansion - In an‘jsothermal expansion the
préduction of entropy is gi§en.by:
dsirr. = - (%% d?' | o (21)
X p . ) »
'Qhere V is ﬁhe volume.
3f iChémical potential — When there is a chemical potential
gfadient used to drive a reaction, then there will be a
1coffesponding production of entropy:
| MW

BSipr =85 -7 T T 22)

The entropy will increase if the température of the reaction is
lowered or the potential for the reaétion is increésed; It is
the inability to utilize the potential.for work thak giVes rise
to the inefficiency. |

4. Irfeversible mixing of gases - The entrbpy production resulEing

from the irreversible mixing of gases is:

ASirr = - R Z.ni Qp'yi '(23,
The inefficiency in this process is most severe when the
concentrations of the components are veryvdifferent.

5. SGﬁaration processes - Typical industrial separation processeé
involve many of the previously mentioaed entropy production
sopfces.

Fiock concluded that the overall relative efficiency for the

reverse Deacon process is approximately 137% assuming that heat at a
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temperatufe'ﬁelow 400°K is considered uﬁusabie.

Historiéaily, many separation processes have $uffered from low
efficienciesﬂ =For instance, the desalination of sa;t water is currehtly
being accompliéﬁed 6nly at efficiencies less than'lOZ.87_89

Again, it is emphasized that the intent of'this thesis work is to
identify candidate hybrid watér decomposition cyéiés énd,to evaluate
the schemes only in a basic sénse. When.this prélihinary work is
completed, the detailed analysis of the process éf choice islthen carfied
out. It is only during the process of the design.of the actual cycle
in which detailed calculations of the irreversibig,charécteristics of
the scheme are cqnsidered. With this intent, an estimation of the

irreversibilities of several hybrid cycles will be made using assumed

values for the relative efficiency and the electricalbefficiency.

C. Estimation of the Work Efficiency for Hybrid Cycles

Since it is essential that the performance of a hybrid cycle be
at least'equalvpo that of water electrolysis to be;CGnsidered feasible,
it_i$ necessary that the efficiency of the electrdlysis portion of -the
cycle be at least as great as water electrolysis (70% for future water |
electrolyzers). As 1is pointed out earlier in this chapter, it is
extremely difficult, without detailed design and experimental data, to
forcast accurately the efficiency of any of the processes involved in a -
hybrid cycle. For this reason ig is assumed optimisticalvathat the
electrolysis step is performed at 807 electricalvéfficiency.

The thermodynamic work efficiency for a hybrid water decomposition

process can now be estimated:
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Fiéure.3 is a graph of EH as a functionvofhbirr. The conclusion

drawn froﬁ:this graph is that'above the value of 0.36 for Yirr the
greater thé portion of the Gibbs energy chang; for water decomposition
that ié sdpplied by the thermal steps of the hfbfid cycle, the better
the performance of the process will be. Below ﬁhe 0.36 figure, the
majbr portion of the work input should be supﬁlied bv electrolysis.

‘Abtaham and Schreiner69 and Appleby90 optihistiéally estimate the_
'relati?e'efficiency for thé probosed thermochemi;al cycles to be 0;56
and 0.67, respectively; For the purpose of thé bresent estimaéion of -
the work efficiency for hybrid cycles, it is’assumed that the relative
efficiency of the thermal step is 0.60.

Figuré'é is a graph of the dependence of €  on the upper tempera-

H
ture of the thermal reaction. Above 600°K the effiﬁiency'is benefited
by supplying most of the work during the thermél-portion of the hybrid
cyclé, Below 6OQ°K the favored process is elééttolysis.

The Qalue of considering the efficiency‘usiﬁg the conclusions

drawn from Figs. 3 and 4 is that the "tailoring" of high process
efficiencies is possible by taking into account both the decomposition
temperature and the free energy requirement for the thermal process.

The lead, copper, and cadmium systems in Table 5 are examples of this

concept. The 28.27% efficiency of the lead based cvcle is calculated
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DEPENDENCE OF WORK EFFICIENCY ON THE RELATIVE
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Fig. 3. Dependence of Work Efficiency on Relative I'IF'fi(‘i(‘n('y.
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from an upper temperature limit of 820°K. and work‘ihpht of 6.0 kcal/mole.
The coppef cyEle,.on the other hand, exhibits an.efficieﬁcy of 38.12
due to the’élévatéd temperature and increased wofknload.on thé ghe:mal
step of the process.. The cadmium, cycle which agﬁﬁaliY'has a lower
decdmposition temperature (assume thét the 10-3 gt@ldperating condition
has negligible work input) than.copper; has an efficiency of 46.0%
because préctiéallyAall of the free éneréy of.watér:decomposition is
supplied in tﬁe thermal step of the cycle.

| Even the "low" efficiency of the lead 6xidef§;9§éss can prove to be
very attractive. The 28% efficiency of this cycié requires that
0.28 kw;-hr/molé-.H2 be ‘supplied by the total prbcess.v Tﬁis compares very

favorably with the 0.32 to 0.39 kW-hr/mole-H, range for water

2
electrolysis.

ThebiﬁproVéd energy usage is further exemplified by considering thé
‘total energy consumption requirements for the U.S:’in the year 2000 |
which is projected to be 175><1015 kJ/year.91 It is éstimated that if
the proposed.hyArbgen economy becomes a reality tﬁéh approximately
-25% of the energy would be supplied to consumers in the form of
hydrogen.86 Tﬁié amount is equivalent to the output of 1100 one-
thousand-megawatt electric power plants. If the hybrid process to
produce hydrogen.at a édtal thermodynamic work efficiency of 28% were
used, there would be savings of 117 to 314 one—thdusahd—megawatt power -
piants relative to the use of electrolysis alone. If is clear that

even a few percentage points in efficiency offers huge savings in

energy.
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I1I. DISCUSSION OF THE PHYSICALLY LIMITINC FACTORS IN HYBRID CYCLES |

Chaééét ITII deals with the physicél'limitations of hybrid cycles
proposed for the production of hydrogen from Qater. While Chapter II
presentéd‘the thermodynamic considerations reiéyaﬁtbto hybrid cycles;
thié.cﬁaééef deals with the 1iﬁitations of méferial availability,
c0mpatébi1ity of the thermal and electrolytic_proceés steps, aﬁd the
elementary processes within each step. :

Tﬁisﬁchapter also contains a summary pf{the_hybrid prdcesses
c0nsidefed in this study. Included are the égfimated.process
efficienbies, limits of operation, and commenté of specific interest to

particular hybrid schemes.

A. Availability of Chemical Intermediates

An estimation of the cost and availabilipy'of the chemical species
used internally by a proposed hybrid cycle i# réquired to eliminate f;om
further codsideration those cyclés that invoive écarce materials, and/or
that sth no economié promise. For example, if.would be clearly
unrealistic to propose the use of gold, platinUm,_or silver in such a
process.

Thq rcsidunCC time of a given chemical intermediate in a cycle
is necessary. to estimate the ﬁrojectéd inventoryvof that intermediate.
Assuminé a current density of 250 mA/cm2 for a flat plate copper an&de,
the rateiof oxidative growth will be approxima;ely‘o.lo cm/hour. If
the design Qf the electrolysis cell calls for an.oxide thickness of

0.10 cm., and the thermal portion of the hybrid cycle is fast, the
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residenbe time“fér the chemical intermediate will Bévabout 1 hour.
Since mqét 6f the proposéd hybrid cycles‘inv01Verone mole of
reactant per mole of hydrogen produced, the total.inVenrory of a
chemicai intermediate can be estimated by_projecting'théAthure_annual
production'of hydrogen. Stﬁdies'at Battellegl forq§$t the U.S. energy

consumption in the year 2000 as 175><1015

kJ BfU/yeér; .In.ordér for
hydrogen to be qénsidered a major contributor to thg:hation's power
grid, at least 207 of energy conéumption shqdld bé[frém the use of
hydrbgen'as an<energy carrier. Using these assumﬁtidns and projections,
the inventory'df a ;hemical intermediate proposed for use in a large-
scale hybrid proceés is approximately 1.0X108 1b—moiér

To avoid q-possible excessive capital investmentbin a proposed
hybrid process,.it is necessary to choose only those.rhemical inter--
mediates thattére relatively inexpensive and_abunda&t. An-arbitrary
limit for material cost in a process is set at $10004Qb-mble,
corresponding to an inirial capital outlay of.iOO billion dollars for
1.8X108 poﬁﬁds/Year of hydrogen produétion. Table 2 is a compilation
of all elements with-a present day market value of less than |
$1000./1b-mole. ~Obviously, a hybrid cycle based on a less expensive
metal like lead or copper is preferred over the use of a more expensive
material like cadmium. |

Thé availability of an element.is also an important consideration,
since it is undesirable to strip the world's reserve of a chemical for
use in a hydrogen production process. Of course, the cost of a

chemical species is insufficient to estimate its relative abundance.



Table 2. List of Elements Costing Less than $1000.00/1b-mole.
Source: Dept. of Interiord2

Element Cost $/1b-mole Element Cost $/lb-mole
N 0.28 “ Sr | 216
0.224 I - 254
c 0.24 Ba 286
cL. | 2.10 cd 336
Fe 1.68 Mo 480
P | 3.10 Hg 710
Na 4.37 ' v 714
Al 6.48 oW - 828
Si 7.00 Bi | 832
As 7.50 |
ng - 9.23
Br 12.0
Zn - 13.0
Mn 18.2
Pb 31.0
Cu . . 33.0
F 35.7
T 57.0
Cr ' 59.8
sb 69.0
K : 78.0
ca 80.0
Ni 900
v 137
Co 144

Sn 210
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Skinner93 has shown that minerals tend to follow a'bimodal'distribution

of availability and ease of production. Because ©of this bimodal dis-

“

tribution, a-judgement of availability based only’én'the present price
of a mineral is erroneous. Therefore, tﬂe measuréfof a particular
element's deéifability should also be judgéd on tge:basis of total world
reserves (Table 3). Any element that requireé ovef a.few percent of

total world reserves should be considered unsuitable for large-scale

'

use in a hybridibrocess. The elements eliminated from Tables 2 and 3
on this basis afe uranium, mercury, cadmium, bismﬁtﬁ; and tungsten.
Boarderline cgseS'are cobalt, arsenic, strontium, leybdenum, tin, and
antimony. .

A further consideration of material availability is whether the
U.S. is capable of supplying tﬁe needed chemicals,;ér if the element
must be importedvfrdm other countries. Table 4 is a list of all raw
materials that pfesently require substantial importation. It is, of
course, highiy desirable to propose hybrid cycles that would rétain a
sense of a natibnal "self reliance'". The use of ménganese, for
example, would.require a minimum initial payment ﬁo é foreign country

of 1.8 billion dollars.

B. Envitvonmental Compatability

The strictvlimitations put on a hybrid process are that the only
chemical feed is water, and that the only products afe hydrogen and
oxygen. Use of volatile chemical species in a cycle, such as iodine,
chlorine, and.fluorine, might pose a serious problem due to the

difficulty of separation from the two product gases. In this regard,
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Table: 3. 'Liét of 7 Depletion of World Resery@s;for Elements Costing

Less than $1000.00/1b-mole. Data Sources:

Dept of Interior

% of World

Eleheﬁt % of World . Element . v
- Reserve Used ' ‘ Reserve Used .

N Small Srkt’ 3.6
s 4.5x1073 T Small
c 5.4x107° Ba: 021
c1 . Small cd 140.4
Fe 3.6x107° Mo 3.0
P 1.2x107° Hg 187.2
Na Small U 58.2
AL '1.5x1073 - 25.0
si Small Bi 2613
As 4.2
Mg Small
Br Small
-Zn 0.09
Pb - 0.3
Cu - 3.6x1072
Mn 1.6x1072
F 5.1x1072
Ti 5.4x1072
Sb 5.1
K 6.0x10">
Cr 0.72 :
ca 1.5%1072
N 0.15
v, 0.90
Co-v’ 3.
Sn 4.8
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Table 4. List of all elements that are preddminéﬁtly produced in other
countries and imported into the United States.

Soufce: U.S5. News and World Report94

~ Element Percentage of Use

Impoytgd_in 1975

Columbium ' /100%

Strontium ]iobZ
Manganese 499%
‘Cobalt 987
"Chromium _'tglz
‘Aluminum (bauxite and metal) ' 85%
Platinum group metals .- 80%
Tin ' 75%
Mercury . : - 73%
Nickel ~ 717
Zinc . 647

‘Tungsten ; 547




most metals would probably present minimal problems. -Mercury, with
its high degree of volatility, is a notable exception. |

‘Two other potentially serious probiems are posed by feed-water
requirements and thermal pollution. These probleﬁs can at least be
partially alleviated.by suitable selection of plant sites, and by

maximizing the total thermodynamic work efficiency for the process.

C. Characteristics of the Proposed Metal Oxide Based Cycles

1. ‘Thermal Portion of the Metal'Oxide_gycles

Since all of the hybrid processes outlined in Table 5 involve the
decomposition of oxidized solids, it is important to consider the
feasibility of their transport through the cycle, filtration to remove
the éntrained electrolyte, and heat exchange between solid materials
(Eig. 5). Due to‘the eleqtrolysis step in the hybrid process, the form
of the solids in the thermal phase of the process will be diétated
predoﬁinéntly by the physical nature of the anode. The anode can be
shaped as a solid plate, or it canvbe in powder or granular form, in
either a pécked, slurry, or fluidized bed. The characteristicsvof these
forms of electrodes are pfesented in a later section.

a. Transport of solids. It is obvious that the transport of

divided solids offers advantages over the handling of solid plates.

The conveyance of divided solids can be accomplished by a number of

-

: o . . . 95
systems including pneumatic, vibrating, screw drive, and belt (Perry ™ 7).
The transport of solid plates is limited primarily to hangers or
conveyer belts. The solid pluges will tend to be fragile, and rough

. :e . . .
handling in bulk processing could break up the plates. The other



Table 5.  Hybrid cycles involving the anodic oxidation of a metal or metal oxide with regeneration of
the anode material in the thermal portion of the cyclg (Fig. 5).

Prime (') designates the electrolysis reaction in the cycle
Double prime (') designates the thermal reaction in the cycle
Basis: one mole of hydrogen produced

374 2

Reaction "E° or AG° " Decomposition €y T:Cdmmen£s=
(298) Temperature - ' '
(78,80) ' °K
1. a' Potentially favorabie characteristics in
anoj + H,0 - 1.014 v electrochemical cell97
2Mn02 + H2 0.28 98%Z of Mn is imported into the U.S. draws
la" doubts about this cycle.
2bm02 > Iifnzo3 10.2 kecal 750
+50,
l.c! Expense and Scarcity of Ag excludes this
2Ag + HZO > Ag,0 +-H2 ~1.2 - - cycle frqm further consiaeration.
1l.c"
Ag,0 > 2Ag .+% 0, - 460 -
1.4' Boarderline éase fof maﬁéfiai aQéiiaBilit&if
3COO + HZO g 1.0 v - B o ’ | -
C0304 + Hz | High Solublllty (s§e Table\7)
1.4"
C0.0, + 3Co0 + + 0 6.9 keal 1240 0.32




Table 5. (Cont'd)

Reaction E° or AG® Decomposition €y Comments
' (298) Temperature .
(78,80) °K
1.f' High solubility (see Table 7) _
Hg + H20 - HgO + H2 0.93 v ' Scarcity of Hg excludes this cycle from
1.f" ' further consideration; Potentially toxic
HgO +'Hg + 5 O, 13.9 keal 700 0.29 effects
l.g' Scarcity of Cd excludes this cycle from
Cd + H20 + Cd0o + H2 0.02 v 1240 0.46 further consideration '
1.g" L
Cdo + Cd + 3 0, 56.6 kcal 1073 atm T
1.h'. ‘ .
Cu,0 + 11,0 > 2Cu0 + W, 0.67 v - 0.38 ui,;n solubility (see Table 7)
1.h" High decomposition temperature
2000 > Cu,0 +5 0, 25.8 keal 1370
1.1 |
PbO + H,0 ~ PbO2 + H2 1.1 v . High solubility (see Table 7)
1.i"
PbO, + PbO + = 0 6.0 kcal 820 0.28

2 2 72
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choice is to grind the solid plates, run the resultant divided solids
through the thermal phase of the cycle, and»thén refabricate the plafe
electrodgs'before returning them to the electrolyvsis cell. This methad
is a "last resort" alternative since ic_reqﬁires equipment that is both
capital intensive and expensive to operate. Fof these reasons, the
transpoft and use of solid plate electrodes.will not be considered as a
viable pfocess option.

b. Filtration step to remove entrained electrolyte from the

oxidized solids. Since there will be a continuous flow of anode

material through the electrolysis cell, the electrolyte that is
entrained'must be separated from the oxidized‘solid product and recycled
back through the electrolysis céll. If the electrolyte is allowed to
complete the thermal portion of the cycle as'aﬁ entrained suéstance,

the perfofmance of the hybrid cycle will be décfeased. This is due to
the increased loading of the heat exchangers. corrosive action of ‘the
electrolyte, and possible loss of expensive and_envirnnmentally harmful
chemicais.

Filtration, with subsequent washings, of the solids appears to be
the simplest approach to avoid the éntrainmenf.problem.' The industrial
production of phosphoric acid (wet process), for example, contains a
large-scale filtration stdp. In this case the preduct phosﬁhoric acid
is separatea from the by-product gypsum crystals using continuous,
vacuum filters. The Bird-Prayon tilting pan filter (bird Machine
Company) is described in Perry's96 as having the advantages of complete

wash containment, good cake discharge, and feasibility of censtructien
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in very large sizes. The disadvantages of the filters include high
capital cost and mechanical complexity.
"The inability to produce a consistant gypsum crystal of the

correct shape in phosphoric acid manufacture, is the cause of many

problems in filtration. Specifically, if the cryéﬁal is too small,

it will either pass through the filter cloth, or iﬁ will clog the pores
of ‘the filter clbtﬁ and reduce the speed and effiéieﬁgy bf'filtration.
This problem.is also very likely to occur in a hybridicycle filtration
step. As a result of ﬁhe high degree of agitatioﬁ?'énd the repeated
cycling of the s&lids in both the thermal and eleéttoiysis pértions

of the hybrid cycles, a degradation of the solid mégerial is forseen.
This degradation will lead to a wide distribufioanf:SOIid particles
ranging in sizes from relatively largé to very smail} Due to this
phenomenon, degfadation will lead to intolérable &ifficultieé with the
filtration sté§ in the hybrid procesées.

The recbncéntration of the diluted eléctrolyte is another problem
that must be.dealt with in the filtration step of>tﬁehhybrid-process.
The wash water will contain a diluted amount of electrolyte that, in
turn, must be.returned into the electrolysis cell-ihta concentration
of sufficient magnitude to prevent high ohmic losses due to poor ionic
conduction through the cell. The energy rcquired for the reconcentra-
tion will be, of course, a serious source of energy inefficiency in

the cycle.

c¢. Heat transfer to divided solids. Practical continuous heat

exchange to and from high tonnage rates of solid material poscs. a



fotmidable engineering problem. Again, only powder or granular solids
will be considered because the solid plates Qili'have high carry-over
of unreactéd electrode, material difficulties in conveyance, and slow
rates ofrheat transfer due to the low thermal conductivity of most metal
oxides, small surface area of the plate, and-thickness of the plates.
The options for continuous heat exchange té powders or granules are
limited. Basically, the two general types of heat exchangers available
are the fluidized bed (either indirect or direct heating) or the agitated
pan.
The.use of the fluidized bed pfovides fét the largest heat transfer
coefficient for the indirect method of heat trénsfer. Figure 6 is a
representation of the indirectlf-heated, fluidized-bed heat exchahger;

Typical heat transfer coefficients in ‘this apparatus are from

2\ ropy , 98 2 .
100-150 BTU/(hr) (ft7) (°F) according to Holt. The ft° term is the
area of the inside exchanger jacket walls. Holt indicates that the
downward movement of the solids near the walls can be likened to the

. - . . . 4 99 .
falling film technique for fluids. Petrie,et al. describes the
addition of finned tubes to increase the effective area of the
exchanger in calcining applications.

For most industrial applications, the indirectly-heated fluidized-
bed is intended as a batch process becausce it provides a low rate of
circulation of the solids within the exchanger. In cont inuous
operation the indirect method has mnjor difficulties in the areas of

short circuiting and hecat recovery from the exiting fluidizing gas.
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The direct1y—heated, fluidized-bed heat exchaﬁger is presented in
Perry's (100) aé having a vertical.tﬁermal conductivity of 20,000 -
30,000‘BTU/(hr)(fcz)(°F)(ft). This process.could be weil suitéd er-
the drying step in Fig. 5. The direct contact of the heated fluidizing
gas with the wét solids would facilitate relétiﬁely rapid dehydration.
There will be little problem with shoft circﬁiting since the temperature
of tﬁe fluiaizing gas and the solids becomebvery close only a few
inches above the gas.distributing plate.

Additional uses for the directly-heated, fluidized-bed heat
exchanger could be during the heating of the'sblids in exchanger #1 and
the reactor #2. As with the indirectly~heatéd;‘fluidized~bed heat:
exchanger, the utilization of this type of exchanger will present
» probleﬁs with heat reclaimation of the fluidizihg gas. The_;ajor
disadvantage of using the directly-heated mephéd is that the heat-
exchahge loop required to heat the fluidiziné:gés:is capital intensive, -
and it fe#resents an additional source df_irréversibilities in the
process.

The choice of air as the fluidizing medium_is preferred since an
inert gas . would, in any case, become céntaminétéd b? water vapor and ‘
oxygen from the decomposition process. Howevéf,.the use of air as the
fluidizing medium would be practical only in the exchangers #1 and #2
iﬁ‘Fig. 5, due to the danger of recombination of oxygen with the

reduced solids in exchanger #4.
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The req@irement of the exclusion of airnin~e#changer #3 as the
fluidizing gaé spggests the use of a heated-pan heat exchanger with me-
chanical»agitation to facilitéte heat transfer. Uhl and Réothl describe
the continuous operation characteris;ics of a sféém jacketed, rotary-
spiral heat exchanger (Fig. 7). They report ovéréll heat-transfer coef- .
ficients for varying conditions ranging from 10 to 50 BTU/(hr)(ftZ)(°F)
with an average temperature gradient of 100°F. .If the operation of the

_proposed hybrid‘cycle equipment were to involve such a large temperature
gradient at a low temperature (near ambieﬁt fofAéxchanger #3), the
contribution of irreversible entfopy production (ﬁq. 17) by this
process step would be quite serious. -

The initial capital investment for both thé'fluidized—bed and pan
type heat eXcﬁangers_can prove to be of signifiﬁant'consequence.

Figure 8 is a representation of the heat exchanger area required for the
projected hourly production of hyd?ogen in the_year 2000. Botﬁ ex-

' changer types‘will‘require Very large surface areas because of the low
‘héat flux involved. Intuitively, the cost-of‘tﬁe fluidized-bed heat
exchangers is expected to be lower because of'simpler construction and
better heat-transfer characteristics. |

Thé_wearing out of equipment by the abrasive action of the solid
ma&erial is also an impprtané consideration. Thé problem with abrasi0n o
is probably less troublesome with the hybrid schemes than the analogous
corrosion problems experienced by thg thermochemical cycleé that
involve high-temperature reactions containihg chlorine, fluorine, etc.

However, the transport and heat exchange of intercycle material is
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superior:ip the thermochemical cycleé that involve only liquids and
gases.' ' |

Bafring future technological developments ih the area of handling
and heat'éxchanging to solid materials, it is quite possible that tﬁe
capital_cost, opefating expense, and inefficieﬁéies associated with the
systems  involving solids processing will be fhe brimary reasons for the
eliminafion of the hybrid cycles from furthéf.consideratibn as a
féasiblé é?tion for large scale hydrogen pro&uction. It is noted that
a majority‘of the proposed thermochemicél cYcigé‘Contain process steps
that invoive the handling and heat-exchange of”solids. In this respect,
the hybrid cycles and thg thermochemical cyéleé seem to be equally
questionable as alternatives to.electrolysié.’

2. Electrolysis Portion of the Metal Oxide Cvcles .

The oxidized product from the electrolysis cell must be in a
compatible physical state of aggregation for sﬁccessful integration
with the thermal portion of the hybrid cycle. As shown in the previous

"section, the only practical form for the oxidized solids is a powder or

fine granules. K The proposed options to meet this requirement are to

?
oxidize a powder or granular form of anodic reactant in the electrolysis
cell, or tq_oxidize a solid plate anode, remove from the cell, and

grind into a powder. Refabrication of the rcdﬁced powder is then
necessary to reintroduce the plate into the électrolysis cell..

.A third optidn would involve a scraping.mechanism which would
continuously separate oxide particlés, as they are formed, from the
surface.of-a solid plate electrode. As a solution to passivation
problems, the scraping mechanism offers advant;ges, but feasibility

“~

on a large scale appears doubtful.
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a. Yield of the anodic reaction. It is evidéhf that the electrolysis
product should contain as little unreacted or inert product as possible.
The reason is fwofold. First, the unreacted and inert material will
cause an additional heat load on heat exchangers #1 and #3 in Fig. 5.
Second, if a fluidized bed is used for exchanger‘#i,‘ﬁhe combination
éf oxygen wi;h the unreacted material will causexén:increased heat
load in reaCEOr #2. Likewise, it is impoftant thaf al1 of the material.
introduced into re;ctor #2 should be completely fedgced there to avoid |

loading elsewhere in the cyc¢le.

‘b. Pfoteéﬁion of the anode surface. Since m;ny'of the proposed
hybrid cycles involve the anodic oxidation of a mgtai or metal oxide,
it is essentiél to determine the characteristics éf £he reactions taking
place at the anode. Hopefully, in all of these caééé there will be
a formation of an oxide layer on the electrode substrafe. However,
this oxide layer will tend to alter the course of tﬁe reaktion in most
instances. Thévéffect of this alteration is exemplified by the following
cases.

Many metéls:will tend to form prqtectiVe Oxide lajérs that, when
thick enough, wiil prevent the reaction from proceéding further.
Aluminum, for example, forms hard and continuous oxide layers that
have little pore structure, and after sufficient reaction the aluminum
substrate will be protected from additional oxiJntion. This particular
process is the bésis for an important industriﬁl method for forming

protective oxide layers on aluminum.



’

Anoaic oxidation of copper is another example of the formation of
protectiyé oxide layers on metal electrodes. Shoeshith, et al.,lo2 in
their paper dealing with the anodic oxidationIOE copper in alkaline
electrolytes, presented data pertaining to thé thickness at which the
oxide layer on the copper- anode began to effééﬁively decrease the rate
of the preferred reaction. The results show a copper oxide layer
thickness ranging from 0.1 to 1.0 microns. This Qould mean that in
order té:minimize the heat load in the heat ekchangers, the original
anbde material would have to be not much thiékef'than‘l.o micron.

Sintg the electrode thickness cannot be tﬁicker than 1.0 micron,
the copper glectrode system is considered as unfeasible. The pre-
dominant.reason is that the structural strength of even a 10 - 100 micron.
thick electfode is totally inadeduate.. Therefore, the coppe} system,
and other systems of similar behavior, would fequire a slurry or fluidized
bed electrode that would allow a more complete 6xidation of the metal
substraté.

Unlike the copper oxidation process, there are metal anodes which

will not form continuous layers of pore-free oxide. For instance,

bthe cadmium electrode will tend to form islands of cadmium oxide that

will not effectively block the passage of ions to and from the

electrodé éufface. This phenomon is the Basis.bf the nickle-cadmium

battery in which the cadmium is oxidized to Cci(OH)2 at very high

currenﬁ densities while still retaining a lafge degree of reversibility.
A third case to consider is an oxide 1éyer.which is relatively

pore-free but electronically conducting. Platinum, for example, forms
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an oxide layef ;hat is highly conductive. _When an-énddic current 1is
applied the élétinum will not passiQate further, but snother reaction
will take plaCe, in this case most likely oxygen:eyélﬁtion will result
from water oxidation. S

The ideal situation for the anodic oxidatiohtprpcéss in a proposed’
hybrid cycle is that'the oxide which ié forﬁed shoﬁld have many large
pores. This.wpqid allow access of the ions 'in éoi;ﬁibn'to the baréi
metal surface. :if rélatively free accéss is not‘éliQQed, ﬁhe'irreQer§i~

bility of the anodic process (caused by high overpotedtial of

- dissolution) renders the entire hybrid process scheme uninteresting,

since the very reason for the proposition of this alternative is to

replace the oxygen electrode with a more reversible oxidation reaction.

c. Fluidized bed and slurry electrodes. Due‘tb ﬁhe need to employ
powder or granular electrode systems, the feaéibiiiﬁies of these systems
must be‘projécfed.‘ In a slurry-bed electrode of coﬁper powder (Fig. 9),
for example, it is doubtful whether an effective fea;tion can be
maintained to convert the copper completely to cupric oxide. Thg basis
of this observégion.is that most likely the cell dé#ign will provide
insufficient intimate contact between the power pé#ticles and the

backing plate, and that the high contact resistance between the

‘particles, when there is intimate contact, will prove to be seriously

detrimental for efficient cell operation.
The lack of contact between the powder particles is a result of

the agitation of the electrode. This agitation tends to establish

. thin layers of electrolyte around each copper particle, thus requiring
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that ionic trquport, instead of electrical aonduéﬁ;on, be the pathway
for the passagé of current between the anode baéking‘blate ana the
reaction site.on'the copper powder particle.

Inkorder for.the_bassage éf”c;rrent th:oughithe copper solids to
occur, it is necessary that the reactions associat%é‘with the charge
transfer on each'sidé of the:partigles be completéi? r;Versible. Bﬁt,
after an initial{pepiod of cell operation, the pa?t%cies will tend to
- form thin layeré of surrounding oxide which will §r§tect tﬂe copper
from further oxidation at reversible potgntials. ‘Since further
oxidation woﬁid fequire large potentials in excess"of the reversible
Vaiue, the cdrreﬁt will simply pass through the elécgrolyte interstices
between the copper particles. After this happens; éli‘the reaction
will occur on thé solid electrode backing plate (tﬁis~reaction will
most likely be OXygen.evolution or anodic depositién'of a soluble metal
oxide due to supersapufation at the Backihg plate éurface).

then:Ehere is intimatevconéact between the particles and the
backing ﬁlate.electrode, the passage'ofAcurrent wiiifbe,via electronic
conduction. However, the high degree of contact resistance between
the solids and the plate will limit the efficiencyjéf the electrolysis,
since an increase in cecll potential is nccessary to_Qstot the iﬁcrcnsod
ohmic resistancé.f

Table 6 is g-list,of the resistances of several of the oxides
proposed for usé in the hybrid cycles. Most of the oxides are very
poor electronic conductors. The voltage drop experienced byvthe copper

. . o, -
system, for example, with a current density of 250 ‘wmA/cm” and a 100 A
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Table 6. .

‘Toom temperature.

&g
e
Rk
[
O
o

List of the electrical resistance of .several metal oxides at

metal oxide

Resistance §i-cm

Reference

Cu O-‘

2

CuO
MnO
Mn,,O

273

Mn304
Ccdo
PbO
PboO
Co0

Zn0 -

Zn(OH)2

AgZO

- lO12

4x107'

~ 107

85.

3.6x10°

~ 107
4.7x10"
2x10'4

- 1010

7.4x10°

3

' 5.5x10°

2;8X104
108

1.2x10'2

104
105
106
107
108
109
110
111
112
106
113
114
115
116
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oxide thickness on each copper particle will be épout 2.5 V.

-‘Anotherigource of inefficiency in a powder éiectrode scheme is
due to the ¢omplexity of the mechanism for the oxidaﬁion reaction. If
the additionalnirreversibilities contributed by eacﬁjmechanism step
are of sufficient magnitude, the process would beifendered uninteresting,
For instance,.Upada, et al.lo3 attempted to produﬁgué'lead dioxide
powder by anodiéally oxidizing lead oxide in a sfirfed slurry powder
bed. They succeeded in producing thevlead dioxidéfbut only at the
expense of much inefficiency in the electiolysis éell. Their results
show that theielectrical efficiency ranged below thé 50% figure and the
yields were also very poor. They attributed the reaction to a
complicated.dissolution and anodic deposition mechaniéh. Thg
inefficiency of the cell was attributed to the irreversibilities
associated with each of these steps. |

The practical use of a fluidized bed or slurf& electrode is

seriously threatened by the foregoing consideratiéns;

d. Solubility of anode material. The solubility of the metal

anode reactant or the oxidized product,.in the electrblyte is an
important consideration. The consequence of a finite solubility is
that the metal cation will tend.to.migrate and diéfuse towards the
Cdthode and plating of the metal will occur. Since the catalytic
nature of the céthode is dependent uwpon the metals present on the
surface of the cathode, it is critical that the activation over-
potential not be raised by the poisoning of the cathode. Figure 10
is a graph of the hydrogen overvoltage on differeﬁt'materials. For

example, if lead were to plate out on a platinum cathode during
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electrolysis ét»a current density of 0.1 A/cmz; the associated increase
in the overpotential would be about 0.9 volts.

Many of fhe proposed hybrid cycle involve metals or metal oxides
that display a substantial degree of solubility (Table 7). Thefefore,
an anionic permeable membrane would have to be uséa‘in the electrolysis
cell to eliminate the problem of poisoning the catﬁode surface. The
effect of the mémbrane is to block the migration of all cations toward
the cathode, and to allow only the anions to pass through to the anode.

However,vthe use of a semipermeable membrane ‘in the electrolysis
cell has several serious drawbacks. First, there is an increase in the
ohmic potential drop across the electrolysis cell'ééUSed by the
increased resistance to the passage of current. DuﬁPont's Nafion
membrane,123'a.éontemporary perfluorosulfonic acid,.cationic—permeable
membrane with an equivalent weight of 1200, exhibits é resistance of
29~cm2. If a cell were'to operate at a current deﬁsity of 0.25 A/cmz,
the ohmic voltage loss due to the presence of the:membrane would be
0.5 volts. This voltage drop, when added to the ogher losses in an
electrolysis celi, would prove to be prohibitive fOf'économical
operation.

The second_problem.inherent to a semipermeable membrane is that
the membrane is not 100% impermeable to the passage bf the unwanted
metal ions. The consequence is that gradually the metal ions will
'still pass through the membrane and poison the catalytic surface of the

hydrogen evolving cathode.
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Table 7.! Solubility of canditate metals and metal oxides in water.

I*letal/métal oxide _ Species in | v mole/litre Reference
C Solution o Solubility
Cu0, cﬁ(dn)z, e, HCu02=, cUoz=v5 2.9 107° 117
Cu,0 | " " 2.5 1073 118
Ag,0 Agt, Ago” 671073 118
Cdo | cd™, Hcdo, 3.9 107 114
HgO, Hg. Hg' ', HHgO, 3.5 107 119,120
PbO, pb'T, HPbO, - 118
PbO’ - n 5.0 1072 121
zmo zn'", HZno, z0,” . 3.8 1072 122
Co0 '_ co*", HCoO,” C2.0107% 118
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The third bfoblem with the use of a membrane isvthe high cost.

Du Pont estimdtes the price of Nafion to be $20/ft2‘QiLh,high production
volume.

If a hybria‘process is proposed which demands the use of a semi-
permeablé memBrane, the likelihood that such a praceés_would actually
prove viable is dependent upon the development of-éa apion permeable
membrane that is substantially less resistive, lOO%zihpermeable to
metal'cations, ahd less expensive. To date, theré éré no such
membranes available. |

3. Cycles Based on Metal -Redox Reactions

/

The cuprous/cupric metal redox cycle (Fig. ll) is'considered
because the electrolysis step can be performed wifhout some of the
limitations characteristic of the previous schemes (Table 5). The

124-126 offers high

use of a dimensibnally stable porous electrode
surface area and low maintainance problems due to thé absence of
complicated mechanisms.

The major stumbling blocks of the redox cycles appear in the
thermal phase of the hybrid cycle. Figure 11 is a $chematic of the
cuprous/cuprié fédox process. |

The evaporation and separation step in Fig. 12 is expected to be
very inefficignt. In this step,water is evaporated‘from the oxidized
electrolyte solution to produce a crystalline cuprig'chloride product.

For an 8 molar solution of CuCl the energy input into the evaporator

2’
must be at least 2 times the energy required to decompose water. It

is essential that a major portion of this energy input be recovered
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elsewhere in the hybrid cycle.

Historically, however, evaporative processes‘haye'suffered
extremely 16w éfficiencies. Desalination of water;87_89 for instance,
is accomplishea énly at efficiencies much less théh;lO%. It is
recognized, of course, that the desalination procé§§ §¢rves only to
concentrate the éalt and not to crystallize the N;Cié Thus it is
assumed that the crystailization of cupric thoridé'céuld only be
accomplished at combarable efficiencies;to the deéalinétion process
despite the différing operating conditions. if thé:process is indeed
as inefficient.as typical desalination érocesses, thé redox cycles should
" not deserve further consideration. '

A second problem with the redox cycles is thét the solids will
require heat exchange to facilitate the reduction;reéction in reactor #l.
The heat transfer pfocess is subject to all of the limitations presented
earlier in this .chapter. An additional problem is tﬁé corrosiveness |
of the chlorinezﬁroduct. .

A third areé of troubles can be recognized if:oﬁebconsiders that

" redox cycles invoive the reverse Deacon reactipn. The negative
characteristics of the reverse Deacon reaction havé'béén discussed by
several authors??’72'127 The general conclusion is that the reaction
will procecd, but the irreversibilities, high capital costs, and cor-
rosion problems will prove to be too serious for pfaétical application.

On the basis of these considerations, redox hybrid cycles are not

considered promising for the large scale generation of hydrogen from

water.
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4, Orgdnic Redox Cyclesb

The high reversibility of the quinone/hydroquinone codplelzs_l}o

forms thevbésis for the consideration of organic redox systems for
hybrid cyéles. Sandsfede,‘et al.131 have déménstrated the reversible
characteriétics of the chloranil eleétrode'(aﬁ insoluble derivative of
quinohe,.fable 8) in 2 molar sulphuric acid electrolyte. They repofted
a reaqtioﬁ that was carried out at a current density of 120 mA/cm2 with
an overpotential of < 100 mV. The use of an.eléctrode with ‘this degree
of reversibility could prove to be very attf;ctive.

Unfortunately, little is known about tﬁe thermal regeneration step
(Fig. 12)ﬂto reduce the oxidized chloranil. There is no indication in
‘the literéture that the reaction:

0 o OH

cl . c1 ' cl cl . '
c1 c1 + HZO c1 c1 A G 5'25 kcal/mole (25)

will actually occur.

However, there is experimental evidence that the reverse of
reaction 25 is the preferred reaction. Sandstede et al., demonstrated
that the reduced forms of duroquinone and chloranil (Table 8) can be
used as oxygen absorbers. The large, positive Gibbs free energy

130 , . R . '
change of reaction 25 seems to indicate that the reaction may not
occur below a temperature level at which further decomposition of the

quinones is possible.
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hybrid cveles (Fig. 11)

All organic cycles follow the gencral schems:

organtc

OH o]
Elcctrochcmical R T +H EC - 0._669‘\'
Reaction: 2 R
OH 0
hydroquinone Quinone
‘ 0 OH
Thermochenical 1. ) <
+ 4= & = 25.8 k¢
Reaction: HyOo > +5 0, : G(298) 5.8 kcal/mole
0 _ OH '
Name Oxidized Form Reduced Form _EF and [.C?jq.‘) Comments
0 OH -
. ' 0.699 v High
Quinone '25.8 kcal solubilicy
o (130
4] . OH
0 OH :
cH. | CH,y CH, CH, S 0.43 v Low solubility
Buroquinone: - 3 34.6 kcal (131)
) ' CH3 CH3 CH3 CH3
0 OH
o] OH .
Ccl C1 Ccl cl 0.664 v Low solidbility
Chloranil ] 25.8 kcal {131)
C1 Cl c1 Ccl )
[¢] . OH
0 QH
Diphenoquinone @ 0.95 v :
N 12.9 kcal/mole
[¢] OH

The follox;:ingfo,rgani»c system do not involve the Quinounes.

|

nalogenation

(25

Oxidation of NH—C—0H _HN—C
Purincs 0=C | 0=2C ] (132)
NH—C——o0ll SNH—C
| |.
Electrolytic » X
2 [::] + 208 - [::]’ + H (132)

Thermil

Dchalogeénat ion’ @ - @ + X,

: . 1
0+ XZ > 2HX 4+ B} (')2
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Listed iﬁ Table 8 are the basic redox couples inyolved in the
hybrid cycles employing derivatives of the quinones as well as
cycles which involve othef organic structures. Since little is known
about the electrochemical and thermochemical behavior of these organic
systems, it would appear that further investigation into their
characteristics is necessary before their potential usefulness in

hybrid schemes can be evaluated.

.':}j
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IV. CONCLUSIOXNS -

The realization of a hydrogen economy is dependent upon the develop-
ment of é_feasible process for large-scale pfoauétion of hydrogen from
water.‘bConventional wéter eléctrolysis and'ﬁhermochemical watef
,decomposition cycles are the two most discuséed methods for achieving
this end. This study deals with a merger of’tﬁé‘two processes into a
hybrid electrochemiéal—thermochemical cycle #hat_exhibits the positivg
characteristiés of both the electrolysis and'§hgrmochemical cycles.

Tﬁebretically, a hyBrid cycle would bevca§aBle of bypassing many
of the préblems that plague conventional waté; gieccro1ysis processes.
.First, the electrical energy requirementé couiq.se reduced by proposing
electrolysis reactions that have lower reveréﬁble:cell poteniials than
thaﬁ for conventional water elecprolfsis. 'Sécond, the sources of
irreversibilities in the electrolysis cell couid_be eliminated or
reduced ih.magnitude.

The two most éerious sources of iﬁefficiépcies in a water
electrolyéis cell are the irreversibility of'fhe oxygen eléctrode.
and the voltage loss due to the ohmic drop across the electrolysis cell.
The hybrid processes are proposed to allievidté these problems by
replacing the oxygen electrode with a more ngetsible oxide electrode,
one which éllows oxidation to occur without gés'evolution. The ohmic
voltage loss could be correspondingly reduced by design improvements
made péssiblé by the replacement electrode. These improvements include
the elimination of the gas~separation diaphragm, closer electrode

spacing, and fewer nonconducting gas bubbles.



Hybrid cycles can also, in principle, offer improvements over the
use of the thermochemical water decomposition cycles. The most obvious

advantage of a hybrid cycle would be that reactions that could not

"

ordinarily be accomplished by thermal means could_behdriven electro-
chemically.  The use of two distinct phases in the fhefmochémical
reaétor of the hvbrid scheme would allow for muchlsimpler separations
than most therﬁbchemical water decomposition cyclésl"Also, the corrosion
problem common to many thermochemical cycles wouléiﬁe-reduced since the
hybrid cycles do not involve extremely reactive intermediates.

The thermédynamic work efficiencies for the proposed hybrid cycles
are estimated asdbeihg sﬁbstantially higher than thenefficiency of -
conventional water electrolysis. The hybrid séhemés exhibit compafable
efficiencies to ;he proposed thermochemical cycles féund in the
literature. |

On the basié of these conclusions, the hybrid cycle would appear
to be an attractive alternative to electrolysis or t; thermochemical
cycles for the production of hydrogen from water.‘

However, if one considers the limitations placed on the hybrid
pﬁycesses by physical and economic criteria, the hybrid cycles of the
type described in this study do not seem to offer worthwhile alternatives
for large-scale production of hydrogen from water. 7 ) ore

Some of thelmajor problems characteristic of the electrolysis
portion of the hybrid process include high solubility of the anode
reaction material, thin layers of oxide that prevent high degrees of
conversion, and difficulties in transferring the reactants into and

out of the electrolysis cell.
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Prbbiems associated with the thermal pﬁdsé:Of the hvbrid cycles
include solids material handling, poor heat exchange between solid$
streams,aéﬁd'difficﬁlt filtration due to degradation of the pnfticular
solids.

The_fOregoing preliminary evaluation pertéins to a special set of
hybrid c¢cvcles conceived in this laboratory..,fhe negative conclusions
regarding_their technological feasibility anaﬂthéir economic promise
should not be interpreted to be valid for ali-boSsible hybrid cycles.
The various thermochemical cycles proposed so”faf each have their own
particular‘combination of inefficiencieé and.unéertainties, and there
seems to be no obvious basis for reggrding tbe-latter as being of

'

higher promise than the hybrid cycles.
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