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. A PRELININARY EVALUATION OF HYBRID ELECTROCEE~·aC:\l.--=-Ht:R.NOCHEHICAL 

CYCLES FOR THE PRODUCTION OF HYDROG.t:~ FRO:·: \-::\TER 

David Herbert Mung~r 

Haterials and Nolecular Research Division, La .. renc02 B.?rkeley Laboratory 
and Department of Chemical Engineering, University o~ California~ 

Berkeley,. California 94720 

ABSTRACT 

Water decomposition cycles, of the hybrid type, involving an 

electrochemical cell producing hydrogen, and an oxide, and a subsequent 

thermochemical process loop 'l1hich liberates oxygen and regenerates the 

lower oxide (or metal), are evaluated. A prototype cycle based on the 

oxides of lead: 

Electrolysis 

I 
_--..::T~h:.::e:.:r:.::m:::.::a:..:I:....;:D:...:e::..:c::..:o:..:m::.l' p:..:o::..:s::.:~=-· t=-~=-· o=-n~ PbO + 2" O2 

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

characteristics of conventional water electrolysis and those of 

thermochemical water-splitting cycles to be exploited to give higher 

energy efficiencies. An equation correlating the energy efficiency to 

several of the process operating parameters has been developed. The 

calculated efficiencies of 28% to 46% for the hybrid cycles compare 

favorably to the 20% to 25% range for conventional water 02lectrolysis. 

The reasons for this proposed higher efficiency are: Low reversible 

cell voltages required, lower level of irreversibilities incurred 

durirtg electrolysis because of lower ohmic losses and a ~ore reversible 

. electxode reaction; and efficient thermal decot::;Josition. 
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The hybrid processes are proported to offer comparable" ~ne'tgy 

efficiencies to the thermochemical cycles. However, the hybrid 

processes offer increased flexibility since many reactions can be 

pe"rformed in electrolys.;is which could not ordinarily be accomplished 

by thermal means. Less difficult separations and fewer corrosion 

problems may .be additional advantages offered by hybrid cycles. 

Certain physical and economic limitations of hybrid cycles are 

identified and discussed. The major problems facing the hybrid 
'. ~-

processes are the short supply and expense of th~ reactant material, 

high solubility of the anodic reactant (or produci), incomplete 

reactions, difficult material handling, poor heat exchange characteris-

tics, and difficult filtration due to degradation of the solid material . 
.. ' 

Although the hybrid cycles presented in this study are theoretically 

equal or superi6r'to the other methods for water decomposition, their 

technological feasibility and economic promise are J nevertheless, not 
",' "0' 

sufficient to contemplate their practical implementation. 

, . 
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I. INTRODUCTION 

A. Hydrogen Economy Concept 

In recent years, due to the pressure ofe:-..-panding energy demands, 

people have become aware of a limit to our energy resources. This 

"energy crisis" has necessitated an evaluation of the problem. It is 

generally concluded that an alternative to the petroleum-based economy 

b f d · d l' h . 1-7 must e oun 1n or er to re.leve t e pressure. 

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

from the sun. Thisresourte is stored primarily in the form of natural 

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

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

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

plausible substitutes for,the fossil-fuels are solar and nuclear power 

. . 8-17 generatlon. 

Another primary energy source is geothermal activity. However, 

geothermal steam, hot rock, and hot water are c~pable of only minimal 

contributions towards the total energy supply and create several 

18 19 environmental hazards.' Hydroelectric, wind, tidal, and ocean 

thermal gradient energy sources, <Ill natiJrnl e:-:tensions of sol:lr energy, 

are limited in their availability and. in part. are aesthcticnUy 

. 20-23 
questlonable. 

The efficiency of conversion of the primary t?nl~rgy sources into ust!-

ful forms of power, or prbducts. 
24 

is presented by Austin, et 01. Tlwy 

I~stimate the total efficiency of elll'rgy util iZ:ltin[1 to he > 50'1, for 1970, 
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and the project~d efficiency for the year 1985 is -44%, implying that the 

increased electrical generation at 35% efficiency is the cause for this 

decrease. Since the hybrid cycles for hydrogen production involves the 

use of electricity, the low efficiency of electrical generation can 
". 

have serious implications when evaluating the feasibility of a proposed 

hybrid cycle. 

The high efficiency of energy utilization by industrial, residential, 

and commdr~ial sectors reported by Austin, et al. is doubtful since the 

study of these sectors is based only on the first la~" of thermodynamics. 

25 An American Physical Society study shows that, based upon the second 

la,,, of thermodynamics, the efficiency of industrial processes rarely 

exceeds 20-30%. Noreover, the efficiency of space heating, air 

conditioning, and refrigeration in all sectors of the economy is ~ 6%. 

Since electrolytic processes generally operate at electrical efficiencies 

exceeding 50% (see Chapter I, section B), the proposal for the develop-

ment of hybrid cycles which have electrolytic process steps is valid. 

The life-style of the American people should bea major coosidera-

tion in actual efficiency estimations. The excessiv~ and wasteful use 

of high quality energy carriers (electricity, natural gas, gasoline, 

and oil) is a result of poor energy planning (unutilized byproduct 

steam and solar radiation could substitute for many of the uses) and a 

lackadaisical approach to conservation. The lack of conservation is • 

exemplified by our "planned obsolescence" economy in which most 

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

low-quality. 



• 

• 

o 

-3-

Even if the prob lem of misspent technology is allevia ted, there 

is still the need to supplement the present and future energy distribu-

tionsystems \.Jith a more compatible energy carrier. The question of 

how solar or nuclear energy can be converted to a I!:ore 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 ovet 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 

carbon dioxide level by 25 ppm (8.5%).26,27 The real effect· of this 

increase on the weather patterns and ozone level is still not fully 

unqerstood, but it is quite probable that it upsets the balance of the 

natural processes. Since both the raw material and combustion product 

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

an appealing alternative. 

A number of studies and discussions concerning various aspects of 

h "h d "h bbl· h d 7,28-30 t e y rogen economy ave een pu 1S e . These studies 

discuss a variety of considerations including hydrogen production. 

transmission, storage, utilization and impli~entation. Saf~ty. legal, 

environmental, economic, political and social aspects are also con-

sidered. The conclusions reached are generally supportive of the basic 

idea, but it is stressed that milch more research and development is 

necessary in order to achieve the goal of a hydrogen economy. 



The tv;o most frequently discussed methods of hydrogen produ'cUQn 

are water electrolysis and thermochemical water decomposition cycles. 

The third route for hydrogen production involves a hybrid cycle that 

utilizes the positive characteristics of bot~ electrolysis an~ 

thermochemical schemes. All three of these processes require heat as 

an intermediate energy carrier, ego from either nuclear or solar 

sources. Conversion of the heat into electricity is also necessary 

for operation ~ith the water electrolysis or hybrid processes. 

The question of whether to transport energy as electricity or chemi-

31 
cal potential (hydrogen) is discussed by Leeth. He shows that it ~ay 

be more efficient and economical to use nuclear heat to produce hydrogen 

instead of electricity. The high power losses in electrical transmission 

leads to the conclusion that hydrogen could be produced and trans~orted 

more economically for delivery dis tances greater than 100 kilometers., 
. . ~ .' 

If undc:rground electrical cables are used, ,the dis tance is reduced:, to 

10-20 kilometers. From an aesthetic standpoint, the underground electri-

cal cable or hydrogen pipeline are infinitely more desirable than oyer­
-n 

~round electrical cables. 
, ", 

The probability that power-generating facilities will be located 

in regions remote from the high-population-density areas lends weight 

to Leeth's observations. Solar farms are practical only in isolated 

sectors of the country where land is inexpensive and sunlight is 

plentiful. ~uclear power plants will be sited at co~t~l o~ deep-sea, 

locations because of the necessity for the dissipation of large amounts 

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

t,' 

.. 

;J 

• 
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it is importtint that the line losses in trans~ission of energy be kept 

to a minimum. 

The flexibility of a hydrogen fuel is further demonstrated by the 

capacity of hydrogen to be stored as a gas, cryogenic liquid, or metal 

hydride. 32 The net effect is a load leveling of the power generating 

facilities. Designers of present day electrical generating plants 

must allow'for a "load use factor". This requirement results in a 

higher capital investment for equipment that is used for only a few 

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

'of hydrogen \..rill eliminate ,this problem by providing a buffer capability 

to offset the power consumption surges. 

7 
The utilization of hydrogen is anticipated to take place in stages. 

Initial impact is expected in applications where large amounts of 

natural gas are presently consumed, such as ammonia synthesis, industrial 

uses, and home needs. The use of hydrogen as a fuel for powering 

engines for transportation purposes is the final step for full realiza-

tion of a hydrogen economy. 

The nonpolluting characteristics of hyd~ogen fuel makes its use 

attractive, especially in high-papulation-density areas. The exhaust 

from a hydrogen fueled furnace or engine has no unburned hydrocarbons, 

no carbon monoxide or dioxide, and possibly less NO pollutants. There 
x 

have been several successful automobiles powered by hydrogen built 

33.34 recently that demonstrate these important advantages. 

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

existing processes and end uses. For instance, liquid hydrogen fueled 
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aircraft will show to have improved performanc~ over the use of kerosene 

fuels. Studies at NASA 35 ,36 claim that using liquid hydrogen in 

supersonic jets will increase fuel efficiency and speed by providing 

better cooling and a high energy density. 

The hydrogen economy concept has been receiving growing suppbrt 

from the scientific community over the past few years. This is evidenced 

b h b f . 1 d· . 1 . 37-41 d 1· . h Y t e num er 0 natlona an lnternatlona symposla ea lng w~t 

the advances in the technology of a hydrogen economy. The maj or thrus.t 

of theseconfererices is toward finding an efficient, economically-viable 

process·fOT the production of hydrogen. The predominant features of the 

three proposed schemes for large scale hydrogen production are presented 

in the following discussions. 

B. Water Electrolysis 

Electrolysis is presently the only commercial process used to 

decompose water into its elements. Water electrolysis accounts for 

about 1.4 ciillion kilograms of hydrogen per day, world-wide.
42 

This 

quantity is only about three percent of the total amount of hydrogen 

used in one day in the United States.
7 

Nost of the electrolytic 

production is found in areas of the world where the cost of natural 

gas is high ~nd the cost of electricity is relatively low. These ar(,,1S 

include Norway, Chile, Egypt, and India. 

Generation of hydrogen by electrolysis has many advantages over 

the proposed thermochemical schenles. The two most apparent features are 

the low maintenance required and the lack of chemical by-products. The 

undesirable feitures of electrolytic hydrogen are the low energy 

.' .. 
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efficiency and the high capital cost. 

The overall energy efficiency of hydrogen production by electrolysis 

suffers from the low efficiency of converting heat into electricity, and 

from losses in the operation of the electrolytic cell. Electrical energy 

efficiency is defined as the ratio of the theoretical water decomposition 

voltage (1.23 volts at I atm and 298°K) to the actual cell operating 

voltage assuming 100% current efficiency. 
43 Present day cells operate 

in the 1.8 to 2.2 voltage range, with a corresponding electrical energy 

efficiency of 68% to 56%. Combining these values with the 35% efficiency 

of electricity generation, the electrolysis cell is capable of producing 

hydrogen at a 20 to 25% Qverall energy efficiency. 

The power losses due to the increased cell voltages are dependent 

upon three factors: activation overpotential 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 Raney nickel catalysts ' and porous electrodes. The overvoltage is 

reduced by operating at elevated temperatures and pressures, and is 

increased ~s the current density of the electrode reaction is 

.43 46 1ncre.:lsed. • 

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

The resistance is a combination of resistances caused by slow mohility 

of the ions in the solution, gas bubbles for~ed at the electrode. and 

the presence of a dividing diaphram. Methods of relieving the ohmic 
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losses include agitation of the electrolyte, and raising the temper~ture 

or pressure of the cell. 

Concentration overpotential results from the changes in the 

composition of the layers of electrolyte close to the electrodes. This • 

change in composition is characterized by a depletion of ions and the 
) 

supersaturation of oxygen and hydrogen within these layers. These 

effects are minimized by el~vating the operating temperature and 

optimizing ioni~.and gas transport by agitation, or by the use of 

porous electrodes. Electrolyzers of advanced design are showing 

promising trends towards higher current densities, higher efficiencies 

and lower cost of operation. Various designs use aqueous or solid-phase 

electrolytes, liquid or vapor water input, closer electrode spacing, 

greater agitation, and higher temperature and pressure ranges to achieve 

the improved performance. 

Allis Chalmers has developed a high current density electrblyzer 

utilizing improvements achieved in the fuel cell technology of the 

1950-60'5. Porous electrodes allow the gas bubbles formed on the face 

of the electrode to be pushed out the back of the.electrode by the highe~ 

pressure in the c~ll. This arrangemeni allows for lower ohmic voltage 

drop due to closer electrode spacing ~nd smaller void fraction from 

the evolving gas bubhles. TIle cell also operates at a higher tcmpcra-

ture. This operation at elevated temperatures reduces the cell voltage • 

losses even further by lowering the activation overpotential, the 

theoretical cell potential, and the resistance of the electrolyte. 

. 47 
Costa and Grlmes have presented a design paper on tllis system based 
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on work done at the Oak Ridge National Laboratory. 

. 48-50 
General Electrlc has proposed a high tenperature electrolyzer 

using an ionic conducting solid electrolyte (ca~ciu~ yttriu8 zirconate) 

operating at BOO-IOOOoK with a water vapor feed. The high temperature, 

and it~ associated advantages, is possible in the cell because the 

lack of free acid or alkaline electrolyte minimizes the corrosion 

problem usually associated with elevated temperatures. 

The mpst important consideration in the evaluation of the 

electrolytic process is related to the production of electricity. 

Michel
Sl 

reviewed the economics of hydrogen production and concluded 

that 84% of the cost of electrolytic hydrogen is due to the cost of 

the electricity corisumed. Consequently, there is incentive for the 

development of more capital-intensive electrblyzers that will have 

lower electrical energy requirements. 

C. Thermochemical ~.Jater Decomposition Cycles 

A search for systems that would allow production of hydrogen more 

economically than by electrolysis has lead to the proposal of numerous 

thermochemical cycle schemes for water-splitting. The basis of the 

improved economics is that there is no el~ctrical generation step 

involved in the process; the process is not inherently limited by the 

3S% efficiency of generation of electricity. 

The direct thermal decomposition of water can only be accomplished 

at extremely high temperatures (> 4000 0 K). This is not possihle on a 

large scale at present due to the lack of a practica) heat source, 

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 

expected from advanced nuclear fission reactors is about 1300~K,52 

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

above that temperature. The thennodynamic strategyJor the formulation 

of energy efficient cycles is presented in Chapter II. It is imperative 

that these reactions form a closed cycle in which water is the raw 

material, hydrogen and oxygen are the products, and all other chemical 

species are completely recycled within the system. To date there have 

53-68 
been numerous thermochemical cycles proposed. 

The problems associated with the thermochemical cycles range from 

fundamental to practical. Formerly, a majority of the reactions in 

the proposed cycles have had very little useful i~portance. This has 

led to a lack of basic information about the feasibility of the 

reactions. Because of the dearth of thermodynamic and kinetic data, 

any estimates·of the feasibility of the proposed processes must be 

regarded with caution. Evaluations of some of the more promising cycles 

b b h d S h · 69 GI d d M 70 d are given in papers y A ra am an c relner, an t an yers, an 

7172 
others. ' 

It is stressed that most of the research on thermochemical water 

decomposition cycles is in the preliminary stages. The problems to he 

solved are numerous. Nuclear reactor interfacing, intercycle heat 

transfer, corrosion, slow kinetics, separation of like phases and high 

capital cost of equipment and reactants head the list of the most 

pressing problems. To data there have been no thermochemical processes 

developed which are capable of producing hydrogen economically. 
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D. Hybrid Electrochemical - TheLnochcrical ~l~~ 

A hybrid electrochemical-theLmochemical water deco;r,position cycle 

is a scheme in which at least one step is performed by electrolytic 

means, and'the remaining steps are driven thermally. The goals for 

such a process are to utilize the positive characteristics of both the 

electrolysis and thermochemical systems in oid~r to obtain an economically 

. viable, and energy efficient method for produ~ing hydrogen. 

A prototype scheme proposed by this rese~rch involves the substitu-

tion of lead oxide for the o"."ygen electrode. During operation of the 

electrplysis cell, hydrogen is evolved at the cathode, and lead oxide 

is oxidized to lead dioxide at the anode. The lead dioxide is subse-

quently removed from the electrolysis cell and thermally decomposed to 

lead oxide and molecular oxygen. The schematic for the process is 

presented in Fig. 1. The advantages of the hybrid process over either 

the electrolysis of water or thermochemical decomposition of water are: 

1. 
46 73,74 

The serious irreversibility of the oxygen electrode ' 

is avoided by substitution with a more reversible couple. 

2. A reaction, which is unfavorable in respect 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 lo~ered from the 1.23 volt 

value of water electrolysis. 
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6. Electrolytic cell voltage losses are reduced by improved cell 

design, and more favorable reactions. 

7. Separation problems are eliminated. 
, 

8. LO\ver heat exchange requirements than thermochemica 1 cycles. J 

9. Hydrogen is produced fre~ of chemical by~products. 

There are several different possibilities for .anodic reactions in 

which .the anode product can theoretically be regenerated by a thenaal 

process outside of the cell. The thermal processes will involve either 

a simple thermal decomposition of an oxide, or possibly a series of 

coupled reactions. A listing of these possibiliti.es \"ith some examples 

includes: 

1. Anodic oxidation of a metal or metal oxide with a simple thermal 

decomposition into the metal or metal oxide performed outside 

the electrolytic cell (see Fig. 1); 

2. Hetal redox couples which -are oxidized in· the electrolytic 

cell and then thermally reduced in single or multiple thermo-

chemical steps: 

Electrochemical reaction: 

2CuCI + 2HCl ~ 2CuC1
2 

+ H2 EO 0.153 v 

Thermochemical reaction steps: 

2CuC1
2 

~ 2euCl + C1
2 

f::..G
o 40.4 kcal/mole 

1 f::..Co 
i 

H20 + C1
2 

~ 2HCl + °2 
= 9.2 kcal/mole ~ 

2 

3. Organic redox couples that produce the oxidi~ed species within 

the electrolysis cell are regenerated hy a single 0r multiple 

step thermochemical scheme: 
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Electrochemical reaction: 

OH o 

$ ¢ 0.669 v 

OH o 

hydroquinone quinone 

Thermochemical reaction step: 

o OH q $ 25.8 kcal/mole 

o OH 

Conceptually, the hybrid systems exhibit many advantages ov.er the 

use of either electrolysis or thermochemical cycles alone for the split-

ting of ·Hater. It is the purpose of this study to provide a preliminary 

evaluation of the proposed hybrid schemes from an engineering point 

of vie,.,. 

• 
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II. THERHOOYNAMIC CONSIDERATIONS 

Since nll of the hyhrid cycles presented in chapter III are in the 

conceptual stage of deve10pment~ it is extremely difficult to project 

accurately an actual efficiency for a given scheme. It is possible 

to use basic thermodynamic principles and data to calculate ideal maximum 

efficiencies for the hybrid processes. Howevet, determination of the 

real inefficiencies of a proposed hybrid cycte would require extensive 

experimentation and detailed process design. The scope of the present 

study, a preliminary evaluation, did not allow undertaking the complex 

experimentation involved in the determination of kinetic and .transport 

data on a wide range of materials and reactions of possible interest. 

The discussion on irreversibilities exposes the reader to the major 

sources of inefficiencies in the actual process that might be involved 

in the production of hydrogen. The intent of the section is the 

estimation of the irreversibilities in order to make the calculation 

of the process efficiencies more realistic. 

A. Reversible Thermodynamic Considerations 

The definition of reversibility implies that, in a cyclic process, 

the initial and final states of that prbcess, and the universe, tire 

exactly the same. This situation can be realizpd only if the following 

reaction parameters can be maintained: 

1. Work is generated at 100% of Carnot efficiency, 

2. Chemical equilibrium is sustained, 
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3. Tdeal \.,rork of sepnration is realized, 

4. Idefllhe.:1t exchange (zero temperature clriving force), 

s. \.Jork of expansion and compression is idea1, 

6. Electrolysis processes are 100% efficient. 

All processes in nature must follow the laws of thermodynamics 

given by the equation defining the standard-state Gibbs energy change 

for isothermal conditions: 

(1) 

,where ~Go is the standard-state Gibbs energy change, ~Ho is the standard­

state enthalpy change, T is the absolute temperature, and ~So is the 

sta~dard-state entropy change. This equation is used extensively as .the 

basis for the calculation of the various reversible characteristics of 

the hybrid processes. 

1. Efficiency of Reversible Cycles 

There are four efficiencies generally used for the description of 

h f f ·bl 1 69-72,76.77 t eper ormance 0 a reverSl e cyc e. They are all derived 

from the equation describing the Carnot heat engine neglecting expansion 

work: 

(
T -T ) 

~G = HTHc (2) 

where ~G is the chemical work p~oduced by the cycle, TH and TC are the ~ 

temperatures of the hot and cold heat.reservoirs, and Q
H 

is the total 

heat absorhed from the high-temperature heat reservoir. 

..1 
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The thermodynamic work efficiency, E, .is the ratio of the chemical 

work produced by the cycle to the total heat absorbed from the high-

temperature reservoir. Holding the inlet and outlet ter.1peratures of the 

process to ;)mh ient, the work efficiency is de fined ;)s: 

(3) 

where ~G~ is the standard-state Gibbs energy of formation. 

The second and third efficiencies relate the amount of heat 

obtainable from the product streams to the amount of heat supplied by 

the high"'-temperature reservoir. The quantity of heat available at 

o 
standard~state from the products is the heat of combustion, ~Hf' 

. 
Since the water produced as a result of this combustion will most likely 

be in the vapor or liquid phase, the thermodynamic heat efficiency, 

n, can be defined on two different bases. The lower heating value (LHV) 

for combustion to water in the vapor phase is 57.8 kcal/mole of water 

formed at 298°K and I atm. The higher heating value (HHV) includes the 

latent heat of condensation to a liquid. The HHV for water at 298°K 

and I atm. is 68.3 kcal/mole of water. 

The heat efficiencies are related to the work efficiency, E, by .. 

the ratio of the heat of formation to the Gibbs energy of formation 

for the reaction. Equations (4) and (5) are the definitions of the 

thermodynamic heat efficiencies: 

n(LHV) = (4) 



-18-

£ (5) 

where subscr ipts (V) and (1) signify vapor and liquid, products 

respectively. 

The relative efficiency, 1/J, is the ratio of· the chemical potential 

produced by a process to the ideal work that co~ld be generated by a 

Carnot heat engine operating between the two temperature limits: 

1/J = /).G 
(6) 

(
T -T ) Q H c 

H ,,}H 

For a completely reversible reaction the relative efficiency will be 

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 engine, the relative efficiency is well suited as a 

measure of the deviation from reversibility. 

Figure 2 .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, 

transportation, etc.) will involve the production of work and not heat. 

The lise of £ also provides for efficiencies bet~"een 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 more optimistic view of proposed cycles. The relative 

efficiency is a valuable tool because it provides a measure of 

irreversibility that is independent of the temperatures of the hot 

and cold reservoirs. 

2. Equilibrium Electrolysis Cell Potential 

The overall reaction in an electrochemical cell 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
2

0 + 2e- + H2 + 20H-

20H 
- 1 + 2e Anode reaction: + "2 O2 + H2O 

reaction: 
1 

(7) Overall H
2

O + H2 + "2 O2 

Calculation of the standard potential
78 

for the overall reaction 

involves the determination of the standard Gibbs energy change for that 

reaction according toEq. (1). The relationship bet~een the electro-

chemical potential and the chemical potential is: 

= 

where EO is the standard cell potential, n is the valency for the 

reaction, and F is Faraday's constant (96,490 coulornbs/equilvalent). 

The Nernst equation, which is an extension of the Van't Hoff 

isotherm,79 is a statement of the effect that dev,iations from unit 

activity have on the reversible potential: 

(8) 
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V. 
'IT. (a.) 

~ 

E 'Eo _ RT .Q.n ~ ~ 
(9) 

nF v. 
'IT. (a.) 

J J 

] 

where E is the reversible cell potential, R is the gas constant, v is 

the stoichiometric coefficient, a is the activity, and subscripts (1) 

and (j) represent the products and the reactants, resp. For water 

electrolysis, the standard-state change in the Gibbs energy is 56.69 

80 
kcal/mole. If the assumption of unit activity holds, then the 

equilibrium potential will be 1. 23 volts. The additional 11. 54 kcal/mole 

needed to satisfy conditions of enthalpy change in Eq. (1) are supplied 

by the transfer of heat into the cell (T~S). Under equilibrium 

conditions the forward reaction is exactly balanced by the.reverse 

reaction and 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 entropy term is provided by dissipation of heat from the 

various inefficiencies of the electrolysis (e.g., ohmic potential drop 

and electrode overpotentials). 

A theoretical development and a more complete application of the 

thermodynamics of electrolytic systems are provided by Newman,8l 

82 .. 83 
·Potter, and Falk and Salk~nd. 

3. Chemical Equilibrium Composition 

All of the proposed thermochemical cycles involve at least one 

reaction at high temperature. The temperature dependence of the 

o 
standard-state Gibbs energy change, ~G(T) at reaction temperature T, 

h 0 1\ 0 79 
is determined by the c anges of 6H(T) and -SeT): 
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Since the equilibrium constnnt, K , is related to the vnlue of 
y 

£n K 
Y 

o 
-tc.G(T) 

RT 

(10) 

(11) 

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

o 
necessary that the value of tc.G(T) has to be near zero. For the 

decomposition of water this temperature is approximately 4300 oK. 

Clearly this temperature is too high for use in a practical thermo-

chemical process. 

Several reports have placed the maximum temperature attainable 

from gas cooled nuclear reactors at Th = l300 oK.
52 

This implies 

that the highest temperature available for a chemical reaction is less 

than 1300oK. The equilibrium constant for water at l3000K is approxi-

-8 
rna tely 9. OxlO The separation of the reaction components at partial 

-8 
pressures in the range of lOatmospheres is obviously unfeasible. 

The basis of the strategy used in the development of thermochemical 

water decomposition cycles is the introduction of chemical intermediates 

in a multiple-step process scheme in order to obtain reasonable equili-

76 
brium constants for each reaction at reasonable temperatures. 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 decompose compound AB 

is presented below: 
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AB A + B + 20 kcal/mole (12) 

+ 5 e.u. (0.005 kcal/moleOK) 

It is possi.hle to estim;1te the temperature:1t ,.,hich this reaction will 

o 
have a ~G(T) 0.0 by using the relationship between the changes of 

o 0 
~G(T) and T and ~S(T) 

o . 
~S(298) (13) 

Reaction 12 would require a reaction temperature of 40000K in order to 

get a reasonable conversion yield. 

If the reaction is split into two separate .reactions using a 

component that is recycled, then it becomes possible to run the overall 

reaction at reasonable temperatures. 

1) AB + C = AC + B 

0 

~G (298) = -10 kcal/mole; 
0 

~S(298) -30 e.u. (14) 

2) AC = A + C 

0 
= 30 kcal/mole; 

0 = + 35 ~G (298) ~S(298) e.u. (15) 

Reaction 14 is an exothermic reaction that occurs spontaneously 

at ambient temperatures. Reaction 15 experiepces a rapid decrease in 

the Gibbs free energy change because of the large positive value for 

~So. The reaction will proceed favorably at a temperature of 850 0 K 

where the Gibbs 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 t\ ... o-step thermal water splitting cycles. Funk as \vell" 

53-72 
as others ." express the hope that there are cycles composed of 

three or more "steps that would prove to be economi~ally viable. 

The apr] ication of this concept is also valid for the hybrid 

cycles. The lead oxide-lead dioxide scheme (Fig. "I) is a good example 

of the use of an intermediate chemical species in .a hybrid cycle: 

Electrolysis step: 

Thermal step: 

.Pb02 
1 

PbO + "2 02 

1.1 v 

6.0 kcal 

56.7 kcal/mole of the work needed to split water is supplied by the 

electrochemical step. The remainder of the work is supplied by the 

thermal decomposition of the lead dioxide to lead oxide and oxygen. 

The decomposition temperature of lead dioxide is taken from Table 1 

as 820 o K. The hybrid cycle is proposed primarily as a method for 

decomposing water in which the work supplied by the electrolysis 

reaction is lowered from the value for conventional" 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 

~hat result in the necessary lowering of efficiency from the reversible 

value. Tne magnitude of the irreversibil ities is most directly 

dependent upon the physical environment provided by the manufacturer 

tl: 
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c· 0.' ;:J 

Table 1. Table of Decomposition Temperatures of Metal Oxides for usc in 
Hybrid Cycles. Sources: Brewer, R 7 Kubasc:hel ... ski and Hopkills!:lS 

Met.,l Oxide Reduced Net.,] 0:<1de Oecomposition Temp oK 
----------_. -------.-.----~ .. --.--.------~-.--.--.---

. Nn02 Mn 203 750 

Mn 203 Mn 304 1170 

Co304 CoO 1240 

CuO Cu20 1370 

Ag20 Ag 455 

CdO Cd 1240@10-3 atm 

HgO Hg 700 

T102 T1203 760 

Pb02 Pb 304 .590 

Pb 304 
PbO 820 

Sb20S Sb6013 
670 

Sb 6013 
Sb02 970 

SbO 2 Sb 203 13S0 

PtO Pt 600 
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for the given reaction to take place. 

Generally, the more capital a manufacturer is willing to put into 

a process, the ~ore likely the process will perform with greater 

efficiency. In the water electrolysis process, for e.xample, the use of 

a noble metal electrode instead of a nickel electr6deresults in a 

higher efficiency but also requires a higher capital cost. The other 

alternative is to operate the cell at a current density lower than 

usual in order to reduce the ohmic ~nd overpotent~al losses. This 

metho'd requires an increased electrode surface area, which results in a 

still higher capital investment for an equal production rate. 

By identifying the sources of irreversibility in a process, it is 

possible for an investigator to estimate the approximate degree of 

energy losses that a system will exhibit~ All of the processes mentioned 

in this report are in the conceptual stage of development, thus requiring 

'that the estimates be arrived at by analogy to existing processes or 

by intelligent guessing. 

1. Irreversibilities in the Electrochemical Step 

In an electrolytic process the degree of irreversibility is 

directly measurable by the deviation of the operating voltage from 

81 83 46 
the reversihle cell voltage: ' , 

where V is the total cell operating voltage, n is the activation 
a 

(16) 

overvoltage for both electrodes, n is the concentration overpotential 
c 

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 arc forces 

• ,J 
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generated which tend to oppose the passage of the current. In order 

to sustain a finite reaction rate it is necessary to supply the cell with 

a potential of sufficient magnitude/to overcome these forces. 

All of the voltage losses are dependent upon the properties and 

design appropriate to the particular electrolysis cell. For this 

reason it will be assumed that the electrol~sis portion of all the 

hybrid cycles will be carried out at the high efficiency of 80%. This 

46 73 74 
is a reasonable figure when considering that the oxygen electrode, ' , 

which isa major source of cell inefficiency,is to be replaced by 

another, presumably more reversible, electrode. Other design improve-

ments are possible, such-as closer electrode spacing and removal of 

the gas separating diaphragm fbund in ordinary water electrolyzers. 

2. Irreversibilities in the Thermal Step 

The irreversibilities associated with the thermochemical cycles 

86 
have been reported by Flock. He used .the availability, liB, to 

relate the properties and conditions of any thermocher.tical process to 

the amount of available work actually produced by that process: 

where ~S. is the entropy production within the process due to 
lrr 

irrevcrsibilities. 

The consequences of any irreversibility identified by the 

production of entropy are that the availability will decrease. This 

decrease in available work will result in an increase of actual work 

(17) 

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



-28-

availability. 

The redefi~ition of the relative and ~ork efficiencies that includes 

the irreversibilities is: 

liB 
(18) 

(
T -T ) 

HTHc ~'irr (19) 

where~. is the relative efficiency includingirreversibilities and 
l.rr 

£. is the work efficiency including irreversibilities. 
l.rr 

In his analysis of the inefficiencies associated with the proposed 

reverse Deacon reaction upon which many thermochemical cycles are based, 

Flock us~d the following basic processes to provide a measure of the 

irreversibilities: 

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

culated by the difference of the entropy change of the high 

temperature heat reservoir and the low temperature heat 

reservoir: 

dS. 
l.rr 

Tlte generation of entropy is increased ns·the temperature 

(20) 

difference becomes larger and as the mean temperature hecomes 

lower. 
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2. Unrecovered work of expansion - In an isothermal expansion the 

production of entropy is given. by: 

dS. 1rr 

where V js the volume. 

-(~~) dP 
p 

3. Chemical potential- When there is a chemical potential 

gradient used to drive a reaction, then there will be a 

corresponding production of entropy: 

t:.s. 1rr 
t:.H WI 

= t:.s - - -
T T, 

( 21) 

(22) 

The entropy will increase if the temperature of the reaction is 

lowered or the potential for the reaction is increased. It is 

the inability to utilize the potential for work that gives rise 

to the inefficiency. 

4. Irreversible mixing of gases - The entropy production resulting 

from the irreversible mixing of gases is: 

t:,S. = - R r n. tn y. 
1rr 1 1 

(23) 

The inefficiency iri this process is most severe when the 

concentrations of the components aTe very different. 

5. Separation processes - Typical industrial separation proc~sses 

involve many of the previously mentioned entropy production 

sO!Jrces. 

Flock concluded that th~ overall relative efficiency for the 

reverse Deacon process is approximately 13% assuming that heat at a 
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temperatu~e below 400 0 K is considered unusable. 

Historically, many separation processes have suffered from low 

efficiencies~ For instance, the desalination of salt water is currently 

b . 1·' h d 1 ff'" 1 h 10% 87-89 eLng accomp LS e on y at e LCLenCLes ess t an o. 

Again, it is emphasized that the intent of this thesis work is to 

identify candidate hybrid water decomposition cycles and. to evaluate 

the schemes only in a basic sense. When this preliminary work is 

completed, the detailed analysis of the process of choice is then carried 

out. It is only during the process of th~ design of the actual cycle 

in which detailed calculations of the irreversible .characteris tics of 

the scheme are considered. With this intent, an estimation of the 

irreversibilities of several hybrid cycles will be made using assumed 

values for the relative efficiency and the electrical efficiency. 

C. Estimation of the Work Efficiency for Hybrid Cycles 

Since it is essential that the performance of a hybrid cycle be 

at least equal to that of water electrolysis to be ~onsidered feasible, 

it is necessary that the efficiency of the electrolysis portion of the 

cycle be at least as great as water electrolysis (70% for future water 

electrolyzers). As is pointed out earlier in this chapter, it is 

extremely difficult. without detailed design ilnd experimental datil. to 

forcast accurately the efficiency of any of the processes involved in a 

hybrid cycle. For this reason it is assumed optimistically that the 

electrolysis step is performed at 80% electrical efficiency. 

The thermodynamic work effi~iency for a hybrid 'water decomposition 

process can now be estimated: 
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56.69 

EnF 
(0.35) (0.80) + 

o 
6G(298) 

T -T H c 

TH 
.( .. 

1rr 

(24) 

Figure 3 is a graph of EH as a function of 0. l.rr 
The conclusion 

drawn from this graph is that above the value of 0.36 for liJ. the 1rr 

greater the portion of the Gibbs energy change for ~ater decomposition 

that is supplied by the thermal steps of the hybrid cycle, the better 

the performance of the process will be. Belo~ the 0.36 figure, the 

major portion of the work input should be supplied by electrolysis. 

Abraham and Schreiner69 and Appleby90 optiUlistically estimate the 

relative efficiency for the proposed thermochemical cycles to be 0.56 

and 0.67, respectively. For the purpose of the present estimation of I 

the work efficiency for hybrid cycles, it is assumed that the relative 

efficiency of the thermal step is 0.60. 

Figure 4 is a graph of the dependence of EH on the upper tempera­

ture of the thermal reaction. Above 600 0 K the e·ffic iEncy is benefited 

by supplying most of the work during the thermal portion of the hybrid 

cycle. Below 600 0 K the favored process is electrolysis. 

The value of considering the efficiency using the conclusions 

drawn from Figs. 3 and 4 is that the "tailorin;" 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, topper, and cadmium systems in Table 5 are examples of this 

concept. The 28.2% efficiency of the lead based cycle is calculated 
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DEPENDENCE OF ylORK EFFICI ENCY ON THE RELA.TIVE 

EFFICIENCY AT CONSTANT REACTIONTEJvlPERATURE = (mO°K) 
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from an upper teoperature limit of 820 0 K and work iriput of 6.0 kcal/mole. 

The copper cycle. on the other hand, exhibits an efficiency of 38.1% 

due to the elevated temperature ~nd increased work load on the thermal 

step of the process. The cadmium, cycle which actually has a lower 

-3"" '". 
decomposition temperature (assume that the 10 atm operating condition 

has negligible work input) than copper, has an efficiency of 46.0% 

because practically all o~ the free energy of water decomposition is 

supplied in th.e thermal step of the cycle. 

Even the"lm"" efficiency of the lead oxide ,process can prove to be 

very attractive. The 28% efficiency of this cycle requires that 

0.28 kW-hr/mole~H2 be supplied by the total process. This compares very 

favorably with the 0.32 to 0.39 kW-hr/mole-H
2 

range for water 

electrolysis. 

The improved energy usage is further exemplified by considering the 

total energy consumption requirements for the U.S. in the year 2000 

15 91 
which is projected to be 175xl0 kJ/year. It i~ estimated that if 

the proposed hydrogen economy becomes a reality then approximately 

25% of the energy would be supplied to consumers in the form of 

86 
hydrogen. This amount is equivalent to the output of 1100 one-

thousand-megaw~tt electric power plants. If the hybrid process to 

produce hydrogen at a total thermodynamic work efficiency of 28Z were 

useil, there would be savings of 117 to 314 one-thousnnd-megawatt power 

plants relative to the use of electrolysis alone. It is clear that 

even a few percentage points in efficiency offers huge savings in 

energy. 

'" 
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III. DISCUSSION OF THE PHYSICALLY LU!ITING FACTORS I~ HYBRID CYCLES 

Chapter III deals with the physical limitations of hybrid cycles 

proposed for the production of hydrogen from water. Hhile Chapter II 

presented the ~hermodynamic considerations rele,,-ant to hybrid cycles, 

this chapter deals with the limitations of material availability, 

compatability of the thermal and electrolyti~ process steps, and the 

elementary processes within each step. 

This chapter also contains a summary of t;h~ hybrid processes 

considered in this study. Included are the e~ti~ated process 

efficiencies, limits of operation, and comments of specific interest to 

particular hybrid schemes. 

A. Availability of Chemical Intermediates 

An estimation of the cost and availability of the chemical species 

used internally by a proposed hybiid cycle is required to eliminate from 

further consideration those cycles that involve scarce materials. and/or 

that show no economic promise. For example, it would be clearly 

unrealistic to propose the use of gold, platinum, or silver in such a 

process. 

Tile rcsidl'rlce time or ;J given chcmical intt.'rm<.'di .. t:c in a cycle 

is necessary to estimate the projected inventory of that intermediate. 

2 
Assuming a current density of 250 rnA/cm for a flat plate copper anode, 

the rate of oxidative growth will be approximately 0.10 em/hour. If 

the design of the electrolysis cell calls for an oxide thickness of 

0.10 em., and the thermal portion of the hybrid cycle is fast, the 
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residence time for the chemical intermediat~ will be about 1 hour. 

Since most of the proposed hybrid cycles involve one mole of 

reactant per mole of hydrogen produced. the total inventory of a 

chemical intermediate can be estimated by projecting the future annual 

production of hydrogen. 
91 . 

Studies at Battelle forcast the U.S. energy 

15 
consumption in the year 2000 as 175xIO kJ BTU/year. In order for 

hydrogen to be considered a maj or contribu·tor to the nation's power 

grid. at least 20% of energy consumption sho~ld be ftom the use of 

hydrogen as an energy carrier. Using these assumptions and projections. 

the inventory of a chemical intermediate proposed for use in a large­

scale hybrid process is approximately l.oxlO
S 

Ib-mole. 

To avoid a possible excessive capital investment in a proposed 

hybrid process, it is necessary to choose only those chemical inter-

mediates that are relatively inexpensive and abundant. Ariarbitrary 

limit for material cost in a process is set at $lOO~Ab-mole. 

corresponding to an initial capital outlay of 100 billion dollars for 

8 
1.SxIO pounds/year of hydrogen production. Table 2 is a compilation 

of all elements with a present day market value of less than 

$lOOO./lb-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. 

The 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 iisrelative abundance. 
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Table 2. List of Elements Costing Less than $lOOO.OO/lb-mole. 
Source: Dept. of Interior92 

" Element Cost $/lb-mole Element Cost $/lb-mole 

N 0.28 Sr 216 

S 0.224 I 254 

C 0.24 Ba 286 

Cl 2.10 Cd 336 

Fe 1.68 Ho 480 

P 3.10 Hg 710 

Na 4.37 V 714 

Al 6.48 W 828 

Si 7.00 Bi 832 

As 7.50 

Mg 9.23 

Br 12.0 

Zn 13.0 

Nn 18.2 

Pb 31.0 

Cu 33.0 

F 35.7 

Ti 57.0 

Cr 59.8 

Sb 69.0 

K 78.0 

Ca 80.0 

Ni 90.0 

V 137 

Co 14'. 

Sn 210 
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Skinner93 has sho~~ that minerals tend to follow a bimodal distribution 

of availability and ease of production. Because bf this bimodal dis­

tribution, a judgement of availability based only on the present pricb 

of a mineral is erroneous. Therefore, the measure .of a particular 

element's desirability should also be judged on the basis of total world 

reserves (Table 3) . Any element that requires over a few percent of 

total world reserves should be considered unsuitable for large-scale 

use in a hybrid process. The e1ements eliminated from Tables 2 and 3 

on this basis are uranium, mercury, cadmium, bismuth, and tungsten. 

Boarderline cases are cobalt, arsenic, strontium, molybdenum, tin, and 

antimony. 

A further consideration of material availability is whether the 

u.s. is capable of supplying the needed chemicals, or if the element 

must be imported from other countries. Table 4 is a list of all raw 

materials that presently require substantial importation. It is, of 

course, highly desirable to propose hybrid cycles that would retain a 

sense of a national "self reliance". The use of manganese, for 

example, would require a minimum initial payment to a foreign country 

of 1.8 billion dollars. 

TL El1v i ronmCIl t::l1 Comp:1 t ab i 1 i ~L 

The strict limitations put on a hybrid process are that the only 

chemical feed is \".:1 ter, and tha t the on ly produc ts are 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, 



P .J o 7 

-39-

Table 3. List of /, Deple~ion of I..'orld ReserV'es for Elements Costing 92 
Less than $IOOO.OO/lb-mole. DataSources~ Dept of Interior 

Element % of Horld Element ~( of I':orld 
Reserve Used Reserve Used 

N Small Sr 3.6 

S 4.5xlO -3 
I Small 

C 5.4xlO-5 Ba 0.21 

C1 Small Cd 140.4 

Fe 3.6xlO -3 Mo 3.0 

P 1. 2xlO -4 Hg 187.2 

Na Small U 58.2 

Al 1. 5xlO -3 
W 25.0 

Si Small Bi 2613 

As 4.2 

Ng Small 

Br Small 

Zn 0.09 

Pb 0.3 

Cu 3.6xlO -2 

Nn 1. 6xlO -2 

F 
-2 5 .1xlO . 

Ti 5.4xlO -2 

Sb 5.1 

K 6.0xlO -3 

Cr 0.72 

Ca 1. 5xlO -2 

Ni 0.1') 

V 0.90 

Co . 3.9 

Sn 4.8 

.. 
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Table 4. List of all elements that are predominantly produced in other" 

countries and imported into the United States. 

Source: U.S. News and World Report 
94 

Elemen t Percen tage 0 fUse 
Imported in 1975 

Columbium .100% 

Strontium 100% 

Hanganese .99% 

" Cobalt98% 

Chromium 91% 

Aluminum (bauxite and metal) 85% 

Platinum group metals 80% 

Tin 75% 

Hercury73% 

Nickel . 71% 

Zinc 64% 

Tungs ten 54% 
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most metals would probably present minimal problems. Hercury, with 

its high degree of volatility, is a notable exception. 

Two other potentially serious problems are posed by feed-water 

requirements and thermal pollution. These problems 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 Cycles 

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 entrained electrolyte, and heat exchange between soUd m~terials 

(Fig. 5). Due to the electrolysis step in the hybrid process, the f6rm 

of the solids in the thermal phase of the process will be dictated 

predominantly by the physical nature of the anode. The anode can be 

shaped as a solid plate, or it can be in powder or 'granular form, in 

either a packed, slurry, or fluidized bed. The characteristics of these 

forms of electrodes are presented in a later section. 

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

divided sol ids offers ndv;mtaf!;<.'s over the h:llldl in$~ of solid plntcs . 

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

syitems including pneumatic, vibrating, screw drive. 
9') 

and helt (Perry·). 

The transport of solid plates is limited pr)m;lrily tl) h:\rl~t'rsol-

conveyer helts. The solid ~lates wi II tend ttl be fragile. and rough 

handling in bulk processing could break up the platt's. 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 cycle (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 

Reaction 

1. a' 

HnO +HO-~ 
232 

2Nn02 + H2 

la" 

2Hn0
2 
~ Nn

2
0

J 1 
+ "2 °2 

I.e' 

2Ag + H
2
0 ~ Ag

2
0 +H

2 
I.e" 

1 
Ag20 ~ 2Ag .+ "2 02 

l.d' 

JCoO + H20 ~ 

Co J04 + H2 

l.d" 
1 

Co 304 ~ JCoO + 2 ° 

. 0 
EO or 6c 

(298) 
(78,80) 

1. 014 v 

Decomposition 
Temperature 

OK 

10.2 kcal 750 

-1.2 

460 

l.Ov 

6.9 kcn1 1240 

E:H 

0.28 

0.32 

'Comments 

Potentially favorable characteristics in 

electrochemical cel1
97 

98% of Mn is imported into the U.S. draws 

doubts about this cycle. 

Expense and Scarcity of Ag excludes this 

cycle from further consideration 

Boarder1ine case for material availahility 

High Solubility (see Table 7) 

", 

I 
~ 
N 
I 



Table 5. (Cont'd) 

Reaction 

1. f I 

Hg + H20 ~ HgO + H2 

l.f" 

HgO +'Hg + t 02 

1. g' 

Cd + H20 ~ CdO + H2 

l.g" 

CdO ~ Cd + 1:. ° 2 2 

1. h' 

C1l 20 + 1120 -~2CuO + H2 

1. II" 

EO or i':!.C o 

(298) 
(78,80) 

0.93 v 

13".9 kcal 

0.02 v 

56.6 kcal 

0.67 v 

Decomposition 
Temperature 

oK 

700 

1240 

-3 10 atm 

£H 

0.29 

0.46 

O. '38 

'" 

Comments 

High solubility (see Table 7) 

Scarcity of Hg excludes this cycle from 

further consideration; Potentially toxic 

effects 

Scarcity of Cd excludes this cycle from 

further consideration 

High solubility (sec T<tblc 7) 

High decomposition tcmpcr<tture 

2CuO 1 
_____ + __ C_u20 + 2~-'_0~2~ __ ~ _______________________________________________________________________ __ 25.8 kcnl 1370 

1 " • 1. 

PbO + H20 + Pb02 + H2 

1 ' .. 
• 1. 

1 
Pb02 ~ PbO + 2 02 

1.1v High solubility (see Table 7) 

6.0 kcal 820 0.28 

'c: 
P''"' ...... ' 
r' 
~."~~ .. 

c:· 

'" c'!; ........ 

0", 

c: 
ll" \. ...... 

I .,... 
w (J\ 
I 

..,0 
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choice is to grind the solid plates, run the resultant divided solids 

through the thermal phase of the cycle, and then rt:-fabricate the plate 

electrodes before returning them to the electrolysis cell. This method 

is a "last resort" alter-native since it requires equipml~nt that is both 

capital intensive and expensive to operate. Fat these reasons, the 

transport and use of solid plate electrodes will not be considered as a 

viable process option. 

h. 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 cell. If the electrolyte is allowed to 

complete the thermal portion of the cycle as an entrained substance. 

the performance of the hybrid cycle will be decreased. This is due to 

the increased loading of the heat exchangers. corrosive action of "the 

electrolyte, and possible loss of expensive and ~nvir0nmentally harwful 

chemicals. 

Filtration, with subsequent washings, of the solids appears to be 

the simplest approach to avoid the entrainment problem. The industrial 

production of phosphoric acid (wet process), for example, c0ntRins n 

large-scale filtration step. In this case the produrt phosphoric acid 

is separated from the by-product gypsum crystals usin~ continuolls 

vacuum filters. The Bird-Prayon tilting pRn filter (Bird Machine 

Company) is described in Perry's96 as having the advantages of complete 

wash containment. good cake discharge, and feasihility of constructi011 
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in very large sizes. The disadvantages of the filters include high 

capital cost and mechanical complexity. 

'The in~bility to produce a consistant gypsu~ crystal ~f the 

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

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

it will either pass through the filter cloth, or it will clog the pores 

of the filter cloth and reduce the speed and efficiency of filtration. 

This problem is also yery likely to occur in a hybrid cycle filtration 

step. As a result of the high degree of agitation, and the repeated 

cycling of the solids in both the thermal and electrolysis portions 

of the hybrid cycles, a degradation of the solid material is forseen. 

This degradation will lead to a wide distribution ·of solid particles 

ranging in sizes from relatively large to very small. Due to this 

phenomenon, degradation will lead ,to intolerable difficulties with the 

filtration step in the hybrid processes. 

The reconcentration of the diluted electrolyte is another problem 

that must be dealt with in the filtration step of the hybrid process. 

The wash water will contain a diluted amount of electrolyte that, in 

turn, must be returned into the electrolysis cell in a concentration 

of sufficient magnitude to prevent high ohmic losses dlle to poor ionic 

conduction through the cell. The energy required for the reconcentra­

tion will be, of course, a serious source of energy inefficiency in 

the cycle. 

c. Heat transfcr to diviJpJ solids. Pr.:1ctic~d continlJous Iwat 

exchange to and from high tonn.:1ge rates Ilf solid m;}t~rial pos~s a 
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formidable engineering problem. Again, only powder or granular solids 

will be c6nsidered because the solid plates will have high carry-over 

of unreacted electrode, material difficulties in conveyance, and slow 

rates of heat 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 to 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 provides for the largest heat transfer 

coefficient for the indirect method of heat transfer. Figure 6 is a 

representation of the indirectly-heated, fluidized-bed heat exchanger. 

Typical heat transfer coefficients in this apparatus are' from 

100-150 BTU/(hr) (ft 2)(OF) according to Holt. 98 The ft 2 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 

falling film technique for fluids. P · 'I 99 etr~e,et a • describes the 

addition of finned tubes to increase the effective area of the 

exchanger in calcining applications. 

For most industrial applications, the indirectly-heated fluidizcd-

bed is intended .:1S <. batch process because it provides a low r;lte of 

cirClI1;ltiull of tile sol ids within tll(~ ('xch;mgc'r. Tn cont inllolls 

operation tile inuirect method has major difficultic's in tilL' areas of 

short circuiting and heat recovery from the exiting fluidizing gas. 
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TIle directly-heated, fluidized-bed heat exchanger is pr~scnted in 

Perry's (100) as having a vertical thermal conductivity of 20,000 -

30,000 BTU/Chr)(ft
2
)(OF)(ft). This process could be ~ell suited for 

the drying step in Fig. 5. The direct contact of the heated fluidizing 

gas with the wet solids would facilitate relatively rapid dehydration. 

There will be little problem with short circuiting since the temperature 

of the fluidizing gas and the solids become very 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 solids in exchanger 01 and 

the reactor #2. As with the indirectly-heated, fluidized-bed heat 

exchanger, the utilization of this type of exchanger will present 

problems with heat reclaimation of the fluidizing gas. The major 

disadvantage of using the directly-heated method is that the heat-

exchange loop required to heat the fluidizing gas is capital intensive, 

and it represents an additional source of irr~v~rsibilities in the 

process. 

The choice of air as the fluidizing medium is preferred since an 

inert gas.would, in any case, become contaminated by water vapor and 

o}o,:ygcn from the decomposition process. However. the use of air as the 

fluidizing medium would be practical only in the exchangers 01 and 02 

in Fig. 5~ due to the danger of recombination of oxygen with the 

reduced solids in exchanger #4. 
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The requirement of the exclusion of air in exchanger 113 as the 

fluidizing gas suggests the use of a heated-pan heat exchanger with me­

chanical agitation to facilitate heat transfer. UbI and Root lOl describe 

the continuous operation characteristics of a steam jacketed, rotary­

spiral heat exchanger (Fig. 7). They report overall heat-transfer coef­

ficients for varying conditions ranging from 10 to 50 BTU/(hr) (ft 2)(OF) 

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 lmo1 temperature (near ambient for exchanger 113), the 

contribution of irreversible entropy production (Eq. 17) by this 

process step would be quite serious. 

The initial capital investment for both the fluidized-bed and pan 

type heat exchangers can prove to be of significant consequence. 

Figure 8 is a representation of the heat exchanger area required for the 

projected hourly production of hydrogen in the year 2000. Both ex­

changer types will require very large surface areas because of the low 

heat flux involved. Intuitively, the cost of the fluidized-bed heat 

exchangers is expected to be lower because of simpler construction and 

better heat-transfer characteristics. 

The wearing out of equipment by the abrasive action of the solid 

material is also an important consideration. The problem with abrasion 

is probably less troublesome with the hybrid schemes than the analogous 

corrosion problems experienced by the thermochemical cycles that 

involve high-temperature reactions containing chlorine, fluorine, etc. 

However, the transport and heat exchange of intercycle material is 
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Fig. 8. Estimated heat exchanger area required in hybrid 

cycles for the projected production of hydrogen 

in the year 2000. 
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superior in the thermochemical cycles that involve only liquids and 

gases. 

Barring future technological developments in the area of handling 

and heat exchanging to solid materials, it is quite possible that the 

capital cost, operating expense~ and inefficiencies associated with the 

systems involving solids processing will be the prioary reasons for the 

elimination of the hybrid cycles from further consideration as a 

feasible option for large scale hydrogen production. It is noted that 

a majority of the proposed thermochemical cycles contain process steps 

that involve the handling and heat-exchange of solids. In this respect,. 

the hybrid cycles and the thermochemical cycles seem to be equally 

questionable as alternatives to electrolysis.· 

2. Electrolysis Portion of the Hetal Oxide Cycles 

The oxidized product from the electrolysis cell must be in a 

compatible physical state of aggregation for successful 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. Q The proposed options to meet this requirement are to 

oxidize a powder or granular form of anodic reactant in the electrolysis 

cell, or to oxidize a solid plate anode, remove from the cell, and 

grind into a powder. Refabrication of the reduced powder is then 

necessary to reintroduce the plate into the electrolysis cell. 

A third option would involve a scraping r.:cchan ism which I.olould 

continuously separate oxide particles, as they are formed, from the 

surface of a solid plate electrode. As a solution to passivation 

problems, the scraping mechanism offers advantages, but feasibility 

on a large scale appears doubtful. 



a. Yield of the anodic re.:1ction. It is evident that the electrolysis 

product should contain as little unreacted or inert product as pO$sihle. 

The reason ~s twofold. 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 exchangerUl, the combination 
, 

of oxygen with the unreacted material will cause ,an increased heat 

load in reactorC2. Likewise, it is important that .all of the material. 

introduced into reactor #2 should be completely reduced there to avoid 

loading elsewhere in the cycle. 

b. Protet~ion of the anode surface. Since many of the proposed 

hyb!id cycles involve the anodic oxidation of a metal or metal oxide, 

it is essential to determine the characteristics of the reactions taking 

place at the anode. Hopefully, in all of these cases there will be 

a formation of an oxide layer on the electrode substrate. However, 

this oxide layer will tend to alter the course of the reaction in most 

instances. The effect of this alteration is exemplified by the following 

cases. 

Hany metals will tend to form protective oxide lay'ers that, when 

thick enough, will prevent the reaction from proceeding further. 

Aluminum, for example, forms hard and continuolls oxide layers that 

have little pore structure, and after sufficient reaction the aluminllm 

substrate will be protected from .::ldditional oxid'-ltioll. This particular 

process is the basis for an important industrial method for forming 

. 'd 1 l' 43 protectlve OXl e ayers on a umlllum. 
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Anodic oxidation of copper is another eX2::1ple of the formation of 

protective oxide layers on metal electrodes. Shoesmith, et al.,102 in 

their paper dealing with the anodic oxidation of copper in alkaline 

electrolytes, presented data pertaining to the thickness at which the 

oxide layer on the copper'anode began to eff~ctively decrease the rate 

of the preferred reaction. The results show a copper oxide layer 

thickness ranging from 0.1 to 1.0 microns. This would mean that in 

order to, minimize the heat load in the heat exchangers, the original 

anode material would have to be not much thicker than 1.0 microri. 

Since the electrode thickness cannot be thicker than 1.0 micron, 

the copper electrode system is consideted as unfeasible. The pre-

dominant reason is that the structural strength of even a 10 - 100 micron 

thick electrode is totally inadequate. Therefore, the copper system, 

and other systems of similar behavior, would require a slurry or fluidized 

bed electrode that would allow a more complete oxidation of the metal 

substrate. 

Unlike the copper oxidation process, there are metal anodes which 

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

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

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

electrode surface. This phenomon is the basisbf the nickle-ca~mium 

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

d · hId f . b . 1 . 83 current enslties wile stil retaining a large egree 0 reverSl 1 lty .. 

A third case to consider is an oxide layer which is relatively 

pore-free but electronically conducting. Platinum, for example, forms 
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an oxide layer that is highly conductive. WIlen an anodic current is 

applied the platinum will not passivate further, but another reactiun 

will take pla~e, in this case most likely oxygen evolution will result 

from water oxidation. 

The ideal situation for the anodic oxidation process in a proposed 

hybrid cycle is that the oxide which is formed should have many large 

pores. This would allow access of the ions in solution to the bare 

metal surface. If relatively free access is not al~owed, the irreversi­

bility of the anodic process (caused by high overpotential of 

dissolution) renders the entire hybrid process scheme uninteresting, 

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

replace the 6xygen electrode with a more reversible oxidation reaction. 

c. Fluidized bed and slurry electrodes. Due to the need to employ 

powder or granular electrode systems, the feasibilities of these systems 

must be projected. In a slurry-bed electrode of copper powder (Fig. 9), 

for example, it is doubtful whether an effective reaction can be 

maintained to convert the copper completely to cupric oxide. The basis 

of this observation is that most likely the cell design will provide 

insufficient intimate contact between the power particles 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 pO\vder p.:1rticles is a result of 

the agitation of the electrode. This agitati6n tends to establish 

thin layers of electrolyte around each copper particle, thus requiring 
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Fig. 9. Slurry Electrode for Copper Oxidation. 
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that ionic trartsport, instead of electrical conduc~!on, he the p(lthway 

for the passage of current between the anode backing plate and the 

reaction site on the copper powder particle. 

In order for the passage of current through the copper solids to 

occur, it is necessary that the reactions associat~d with the charge 

transfer on each side of the particles be completely reversible. But, 

after an initial period of cell operation, the pattlcles will tend to 

form thin layers of surrounding oxide which will protect the copper 

from further oxidation at reversible potentials. Since further 

6xidation would require large potentials in excess of the reversible 

value, the current will simply pass through the el~ctrolyte interstices 

between the copper particles. After this happens, all the reaction 

will occur on the solid electrode backing plate (this reaction Will 

most likely be o~ygen evolution or anodic depositio~ of a soluble metal 

oxide due to supersaturation at the backing plate surface). 

When there _is intimate contact between the particles and the 

backing ~late electrode, the passage of current will-be, via electronic 

conduction. However, the high degree of contact resistance between 

the solids and the plate will limit the efficiency of the electrolysis, 

since .1n increase in cell potential is necessary to ()[fset the increasC'd 

ohmic resistance. 

Table 6 is a list of the resistances of several of the oxides 

proposed for use in the hybrid cycles. Host of the, oxides an' vcry 

poor electronic conductors. The voltage drop experJenced by the copper 

system, for example, ~"ith a ellrn'nt density (If 250rnA/cm
2 

;1l1d a 100 /\ 
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Table 6. List of the electrical resistance of several metal oxides at 

room temperature. 

metal oxide Resistance st-cm Reference 

Cu20 __ 1012 
104 

-- 4 x10
7 105 

CuO 10 7 106 

Mn02 85. 107 

Hn2O) ).6xlOs 108 

~1n)0 4 -- 107 109 

CdO 4.7 X10-) 110 

Pb02 
2xlO-4 

III 

PbO -- 10
10 

112 

CoO 7.4x10S 106 

ZnO S.sx106 
113 

Zn(OH)2 2.8x104 
114 

Ag20 108 115 

AgO 1. 2x10-2 116 
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oxide thickness on each copper particle will be .:1.bout 2.5 V. 

Another source of inefficiency in a powder electrode scheme is 

due to the complexity of the mechanism for the oxidation reaction. If 

the additional irreversibilities contributed by each mechanism step 
.. 

are of sufficient magnitude, the process would be rendered uninteresting. 

103 
For instance, Upada, et a1. attempted to prodtic~ a lead dioxide 

powder by anodically oxidizing lead oxide in a stirred slurry powder 

bed. They succeeded in producing the lead dioxide but only at the 

expense of much inefficiency in the electrolysis cell. Their results 

show that the .electrical efficiency ranged below the 50% figure and the 

yields were also very poor. They attributed the reaction to a 

complicated dissolution and anodic deposition mechanism. The 

inefficiency of the cell was attributed to the irreveisibilities 

associated with each of these steps. 

The practical use of a fluidized bed or slurry electrode is 

seriously threatened by the foregoing considerations. 

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

anode reactant or the oxidized product, in the electrolyte is an 

important consideration. The consequence of a finite solubility is 

that the metal cation will tend to migrate and diffuse towards the 

cathode and pl~ting of the metal will occur. Since the catalytic 

nature of the cathode is dependent upon the ml't;lls present on the 

surface of the ~athode, it is critical that the activation over-

potential not be raised by the poisoning of the cathode. Figure 10 

is a graph of the hyurogen overvoltagc on different materials. For 

example, if lead were to plate out on a platinum cathode during 
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(from Vetter 46). 
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2 
electrolysis at a current density of 0.1 A/em, the associatt'd incn::lse 

in the overpotential would be about 0.9 volts. 

Nany of the proposed hybrid cycle involve metals or metal oxides .. 

that display a substantial degree of solubility (Table 7). Therefore, 

an anionic permeable membrane would have to be us~d in the electrolysis 

cell to eliminate the problem of poisoning the cathode surface. The 

effect of the membrane is to block the migration of all cations toward 

the cathode, and to allow only the anions to pass through to the anode. 

However, the 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 caused by the 

increased resistance to the passage of current. Du Pont's Nafion 

123 
membrane, a contemporary perfluorosulfonic acid, cationic-permeable 

membrane with an equivalent weight of 1200, exhibits a resistance of 

2 2 
2D-cm. If a cell were to operate at a current density of 0.25 A/cm , 

the ohmic voltage loss due to the presence of the membrane would be 

0.5 volts. This voltage drop, when added to the other losses in an 

electrolysis cell. would prove to be prohibitive for economical 

operation. 

The second problem inherent to a semiperme<1ble membrane is that 

the memhr.Jne is not 100% impermeable to the passage of the unwanted 

metal ions. The conseqllence is that gradually the metal iuns will 

still pass through the membrane and poison the catalytic surface of the 

hydrogen evolving cathode. 
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T~ble 7. Solubility of canditate metals and ffieta1 oxides in water. 

Metal/metal oxide Species in r.101e/litre Reference 
Solution Solubility 

++ 
HCu02 

= 10-5 
~ 

CuO, Cu(OH)2 Cu , Cu0
2 

2.9 117 

Cu20 " 2.5 10- 3 118 

Ag20 + Ag , AgO 6.7 10-3 
118 

CdC Cd++, HCd02 3.9 10-5 114 

HgO, Hg 
++ Hg , HHg0

2 
3.5 10-4 

119.120 

Pb02 
Pb++ , HPb0

2 
118 

PbO " 5.0 10-2 
121 

++ = 3.8 10-2 122 2nO Zn , HZn02 
, Zn0

2 

CoO ++ Co , HCo02 
2.0 10-4 

118 



The third problem with the use of a membrane is the high cost. 

Du Pont estim.:Jtes the price of Nafion to be $20/ft
2 

\vith .high pr-oductiLm 

volume. 

If a hybrid process is proposed which demands the use of a semi-

permeable membrane, the likelihood that such a process would actually 

prove viable is dependent upon the developm~nt of a~ anion permeable 

membrane that is substantially less resistive, 100.% impermeable to 

metal cations, and less expensive. To date, there are no such 

membranes available. 

3. Cycles Based on NetalRedox Reactions 

The cuprous/cupric metal redox cycle (Fie. 11) is considered 

because the electrolysis step can be performed without some of the 

limitations characteristic of the previous schemes (Table 5). The 

124~126 
use of a dimensionally stable porous electrode offers high 

surface area and low maintainance problems due to the 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 schematic of the 

cuprous/cupric redox process. 

The evaporation and separation step in Fig. 12 is expected to be 

very inefficient. In this step.w~ter is evaporated from the oxidized 

electrolyte solution to produce a crystalline cupric chloride product. 

For an 8 molar s61ution of CuCI
2

, the energy input'into the evaporator 

must be at least 2 times the energy required to de~o~pose water. It 

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

His toricall)" hov,:evcr, evaporative processesh;lVe suffered 

extremely low efficiencies. 
87-89 

Desalination of water~' for instance, 

is accomplished only at efficiencies much less thari 10%. It is 

recognized, of course, that the desalination proc~is serves only to 

concentrate the salt and not to crystallize the NaCI~ Thus it is 

assumed that the crystallization of cupric chloride could only be 

accomplished at comparable efficiencies to the desalination process 

despite the differing operating conditions. If the process is indeed 

as inefficient as typical desalination processes, the redox cycles should 

not deserve further consideration. 

A second problem with the redox cycles is that the solids will 

require heat exchange to facilitate the reduction ~eaction in reactor #1. 

The heat transfer process is subject to all of the limitations presented 

earlier in this chapter. An additional problem is 'the corrosiveness 

of the chlorine product. 

A third area of troubles can be recognized if one considers that 

redox cycles involve the reverse Deacon reaction. The negative 

characteristics of the reverse Deacon reaction have been discussed by 

69,72,127 
sever~ll L1tlthors. The general conclusion is tklt the rf'actipn 

will procl'l!d, but the irreversihilities, high capital costs, and cor-

rosion problems will prove to be too s~rious for practical application. 

On the b;'lSis of these considerations, redox hybrid cycles arc not 

considered promising for the large scale generation of hydrogen from 

water. 
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4. Organic Redox Cycles 

128-130 
~he high reversibility of the quinone/hydroquinone couple 

forms the basis for the consideration of organic redox systeT'ls for 

hybrid cycles. 
131 . 

Sandstede, et al. have demonstrated the reversible 

characteristics of the chloranil electrode (an insoluble derivative of 

quinone, Table 8) in 2 molar sulphuric acid electrolyte. They reported 

a reaction that was carried out at a current density of 120 rnA/cm2 with 

an overpotential of < 100 mV. The use of an electrode with 'this degree 

of reversibility could prove to be very attractive. 

Unfortunately, little is known about the thermal regeneration step 

(Fig. 12) to reduce the oxidized chloranil. There is no indication in 

the literature that the reaction: 

° ClhCl 

ClVCl + H20 

o 

will actually occur. 

.. 
OH 

Cl*Cl 
Cl 0 Cl 

OH 

~ G = 25 kcal/mole 

However, there is experimental evidence that the reverse of 

(25) 

reaction 25 is the preferred reaction. Sandstede et al., demonstrated 

th(lt the reduced forms of duroquinone (lnd chloranil (T(lble 8) can be 

used (lS oxygen absorbers. The large, positive Gibbs free energy 

130 
change of reaction 25 seems to indicate th(lt the reaction may not 

occur below a temperature level at which further decomposition of the 

quinones is possible. 
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Listed in Table 8 are the basic redox couples involved in the 

hybrid cycles employing derivatives of the quinones as well as 

cycles which involve other organic structures. Since little is known 

about the electrochemical and thermochemical behavior of these organic 

systems~ it would appear t~at further investigation into their 

characteristics is necessary before their potential usefulness in 

hybrid schemes can be evaluated. 
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IV. CONCLUSIONS 

Th~realization of a hydrogen economy is dependent upon the develop-

ment of a feasible process for large-scale pr6duction of hydrogen from 

' . • water. Conventional water electrolysis and thermochemical water 

decomposition cycles are the two most discussed methods for achieving 

this end. This study deals with a merger of the n,'o processes into a 

hybrid electrochemical-thermochemical cycle that exhibits the positive 

characteristics of both the electrolysis and thermochemical cycles. 

Theoretically, a hybrid cycle would be capable of bypassing many 

of the problems that plague conventional wat~~ electrolysis processes. 

First, the electrical energy requirements could be reduced by proposing 

. 
electrolysis reactions that have lower. revers'tble cell potentials than 

that for conventional water electrolysis. Second, the sources of 

irreversibilities in the electrolysis cell could be eliminated or 

reduced in magnitude. 

The two most serious sources of inefficiencies in a water 

electrolysis cell are the irreversibility of the oxygen electrode, 

and the voltage loss due to the ohmic drop across the electrolysis cell. 

The hybrid processes are proposed to allieviate these problems by 

replacing the oxygen electrode with a more reVersible oxide electrode. 

one whic.h allows oxidation to occur without gas evolution. The ohmic 

voltage loss could be correspondingly reduced by design improvements 

made possible by the replacement electrode. These improvements include 

the elimination of the gas-separation diaphrag~, closer electrode 

spacing, and fewer nonconducting gas bubbles. 
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Hybrid cycles can also, in principle, offer improvements over the 

use of the thermochemical \oJater decomposition cycles. The most obvious 

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

ordinarily be accomplished by thermal means could be driven electro-

chemically. The use of two distinct phases in the thermochemical 

reactor of the hybrid scheme would allow for much simpler separations 

than most thermochemical water decomposition cycles. Also, the corrosion 

problem common to many thermochemical cycles would be reduced since the 

hybrid cycles do not involve extremely reactive intermediates. 

The ther~odynamic work efficiencies for the proposed hybrid cycles 

are estimated as being substantially higher than the efficiency of 

conventional water electrolysis. The hybrid schemes exhibit comparable 

efficiencies to the proposed thermochemical cycles found in the 

literature. 

On the basis of these conclusions, the hybrid cycle would appear 

to be an attractive alternative to electrolysis or to thermochemical 

cycles for the production of hydrogen from water. 

However, if one considers the limitations placed on the hybrid 

processes by physical and economic criteria, the hybrid cycles of the 
I 

type described in this study do not seem to offer worthwhile altern,ltives 

for large-scale productiun of hydrogen (rom water. 

Some of the major problems characteristic of the electrolysis 

portion of the hybrid process include high soluh ility of the <lnpde 

reaction material, thin l<lyers of oxide that prevent high degrees of 

conversion, and difficulties in transferring the reactants into nnd 

out of the electrolysis cell. 
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Problems associated with the thermal ph~se ~f the hybrid cycles 

include solids material handling, poor heat exthange bct~een solids 

streams, '~nd difficult filtration due to degradation of the particular 

solids; 

The foregoing preliminary evaluation pertains to a special set of 

hybrid cycles conceived in this laboratory. The negative conclusions 

regarding their technological feasibility and ~heir economic promise 

should not be interpreted to be valid for all possible hybrid cycles. 

The various thermochemical cycles proposed so far each have their own 

particular combination of inefficiencies and uncertainties, and there 

seems to be no obvious basis for regarding the latter as being of 

higher promise than the hybrid cycles. 
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