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INTRODUCTION

In days of yore, starting with the taming of the fire, so called renewable energies were 

used to make life on earth somewhat easier for mankind. A daily trip to the nearby forest 

gave wood for heating homes and food, and charcoal for the extraction and processing of 

basic metals. Wind and water mills provided power for the grinding of com and pumping 

water. Sails utilized wind power for long distance transports, etc. etc.

This rather romantically sketched scenery was drastically changed at the beginning of the 

19th century with the development of the steam engine, which marked the beginning of the 

industrial revolution. The steam engines, however, had a low thermal efficiency and soon the 

energy demands increased beyond the production capacity of the forests. This initiated a 

massive exploitation of the coal findings and mankind stepped into the so-called fossil fuel 

era. Later it was found that oil and natural gas could substitute coal as efficient energy 

sources. The amount of fossil fuel consumed increased annually, and in 1987 about 88% of 

the energy used for work, transportation and illumination originated from fossil fuels.

In the beginning of the 1970s, the oil crises shocked the world with an inexorable force 

and it became clear that the fossil fuels were finite resources. Moreover, these resources 

were located in only a few countries which then could use the oil as means of bringing 

political and economic pressures on the rest of the world. In addition to this, it has become 

clear that the unrestrained discharge of the waste products from the combustion of the fossil 

fuels has brought severe, deleterious effects on nature. In Europe alone, areas the size of 

small countries can be found with dead or dying forests, caused by the acid rain formed as a
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result of the emission of S02 and NOx. In major cities the pollution caused by traffic has 

ruined irreplaceable cultural treasures, and the particles and the exhaust fumes in the air have 

made some of these cities hazardous to their inhabitants health. Current awareness of the 

pollution problem has recently started an environmental movement to put political pressures 

on governments to reduce the emissions of S02, NOx, C02, hydrocarbons, particles, soot 

and heavy metals released in the combustion of the fossil fuels.

About 50 years ago the first experiments on the splitting of the atom could be performed 

with great success and nuclear energy became available for mankind. This "newborn" energy 

was first looked upon as an efficient and worthy successor to fossil fuels and, having 

received major financial backing from economical research foundations, was thus developed 

rapidly. Today about 500 nuclear power plants around the world provide about 5% of the 

energy consumed. However, nuclear energy has proven not to be as safe and clean as was 

first claimed. The release of radioactive dust material from the open-cast mining of uranium 

deposits, the dangers with the transportation of reprocessed nuclear fuels, and the attendant 

weapons technology has undermined the public’s confidence in nuclear power. Furthermore, 

the major accidents that occurred in Harrisburg and Tjemobyl have, together with other 

narrow escapes, not improved the public’s belief in this technology. Several European 

countries have renounced, or approved a ban on the use of nuclear power, and among these 

countries is Sweden.

With respect to our future energy demands, there are several reasons which speak in 

favour of the utilization of solar energy, for example: (/) it is a clean, non-polluting,

"infinite" energy resource; (if) non-consumptive of any natural resource; (iii) not as
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geographically restricted as fossil fuels; (z'v) available in sufficient amounts to meet future 

demands.

Solar Energy and its Utilization

Considering the sun as a perfect spherical black body emitter, the total power of the sun 

can be calculated to be 4-1026 W, which corresponds to about 4*1017 nuclear power 

stations, one power plant on every 15 m2 of the suns surface. The power that the Earth 

receives can be estimated to about 1.7-1017 W, which is about 20 000 times the total energy 

consumption in the industrialized world of today. About 31 % of this energy is reflected by 

the atmosphere out into space, about 19% is absorbed by the atmosphere, about 3% of the 

remaining energy is reflected by the Earths surface, and the rest is absorbed, mainly as heat. 

Only about 0.02% is absorbed by the bio-mass [1]. The maximum solar irradiation per unit 

area is found at the tropical circles where the power is about 2500 kWhm^year'1. At the 

equator the power is lower, about 1600 kWhm'2year \ due to a rather high cloud density, 

and for example in central Europe about 1000 kWhm ^ear*^ because of a lower solar angle 

[1]. The peak power at the Earths surface on a clear day reaches a value of about 

1000 Wm'2 perpendicular to the insolation, and this value is about the same all over the 

world.

The very nature of solar energy necessitates a process of collection and conversion to an 

energy form that can be distributed, and preferably stored. Besides the utilization of the 

secondary solar energy such as wind- and hydro-power or cultivation of biomass, there are 

two different types of techniques to convert the "primary" solar energy;
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i) low temperature techniques where the primary products are heat or electricity

ii) medium to high temperature techniques where the primary products are electricity or 

energy rich chemicals.

The low temperature processes can utilize indirect solar irradiation and can thus be located 

almost anywhere on the Globe. The high temperature processes utilize concentrated solar 

energy and require direct iiTadiation and, therefore, can operate effectively only in the 

equatorial belt of the Earth where direct sunlight is at a maximum.

Research on solar energy technology was, at the end of the 1970s, very intensive and has 

developed from the construction of some kilowatt-scale pilot plants to a system of multi

megawatt plants delivering power to the electrical energy grid [1]. Alas, further 

implementation of solar energy technology has not been realized due to the drop in crude oil 

prices during the second half of the 1980s and research interest has largely stagnated. 

However, research on the utilization of direct solar energy must be continued and once 

again intensified as we are all aware of the fact that within a relatively short time fossil fuel 

deposits will be emptied [2],

AIM AND OUTLINES OF THE PRESENT WORK

The aim of this work has been to find and to examine possible high temperature processes 

for conversion of solar energy to chemical energy. The processes studied have been selected 

on the bases of two criteria. First, the products formed must have a high energy content, and 

secondly, the total process should not consist of more than a few sub-processes. The first and
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most important criterion may be fulfilled by, for example, Al, Mg and H?, and this work has 

been concentrated on processes where these chemicals are formed as products.

In Table 1 the energy contents of these species are compared with some of the main fuels 

used today. The processes thus selected have been studied by computer simulation of the 

equilibrium conditions of the different reactions participating in the total process. The 

processes studied are both "open processes", that is, one or more of the chemicals used are 

consumed, and "closed processes", in which all chemicals produced in a sub-process are 

recycled.

Table 1. A comparison of the energy content of various chemicals
Energy content

Fuel type MJ/kg MJ/m3

Al 31.0
Mg 24.7 —

H2(g) 141.8 0.013* / 10.10f
Natural gas (~CH4) -50.0 0.040* / 23.00+
Coal -26.0 —

C (graphite) 32.7 —

Fuel oil (C£20H^42) 45.5 38.65f
Gasoline (C5_10H12_22) 47.7 34.85f
Jet fuel (Cjq.15H22_32) 46.5 35.30f

*denotes gas of lbar pressure 

denotes liquid phase
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Paper I deals with calculations on the production of Al, by carbothermal reduction of A1203, 

and of H2 by reduction of H,0 using ’FeO’ - Fe304 as a supporting redox system. The 

processes in this paper are examples of the "open processes" type.

Paper II includes computations on the production of Mg by carbothermal reduction of MgO. 

A closed energy conversion cycle is suggested, which is based on the two following

reactions

step 1: MgO(s) + C(s) Mg(g) + CO(g); T«2000 K , AH »710 kj/mole

step 2: Mg(l) + CO(g) MgO(s) + C(s); T-1050 K, AH a -490 kJ/mole

Paper III presents calculations on some two-step water splitting processes, where a redox 

pair is used to reduce the water. The redox systems considered in the investigation are metal 

oxide redox systems and iron-halide-oxide systems.

Paper IV deals with the investigation of the following equilibrium reaction containing two 

oxide solid solutions

S’CFej.jjCoJO'Css) + mtg) - (Fe1.yCoy)304(ss)

The solid state emf measurements were carried out in the temperature range 970 - 1370 K 

for the compositions 0 ^ x ^ 0.75 and 0 ^ y £ 0.30.

Paper V describes the cell construction that was developed to enable the emf measurements 

presented in Paper IV. By this new cell arrangement it was possible to avoid disturbances 

that occurred due to oxygen diffusion through the electrolyte wall.
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SURVEY OF THE MODEL CALCULATIONS

As some of the reactions in the processes are considered to take place either at very high 

temperatures or in a very reactive environment, experimental studies would be very 

expensive and time-consuming to perform. When studying such processes a thermodynamic 

model calculation is a powerful tool to explore the systems behavior and dependency on 

different process parameters, such as temperature, total pressure and initial composition of 

the reactants. One must remember though, that while the model calculations can not fully 

replace experimental studies, they will reveal the direction of the changes in the system when 

varying the process parameters.

In the calculations a mixture of known composition is assumed to be introduced into an 

"ideal" reactor, which is kept at a prefixed temperature and total pressure. This mixture will 

start reacting to form a number of solid and gaseous species, and after a certain time the 

equilibrium state is reached. To calculate the equilibrium composition (i. e. the masses of 

every species formed ), the computer program ChemSage [3] was used. This program, which 

is based on the Gibb’s free energy minimization approach [4], can handle equilibrium 

calculations in systems involving a gas phase, a number of stoichiometric condensed species 

and several solid solutions. The total number of species in a calculation is limited by the size 

of the computer memory only, which allows computations of complex chemical systems.

Thermodynamic data for the species considered in the model calculations are taVf.n from 

the Barin [5] and JANAF [6] tables, together with the SGTE database (Scientific Group 

Thermodata Europe). The estimated errors in the data are mostly within the range of ± 3 kJ,
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and thus the results obtained can by regarded as quite reliable. The wiistite phase, ’FeO\ was 

represented as a solid solution containing FeO (stoichiometric) and Fe203[7]. Data on the 

solid solutions ’(Fe,Co)0’ and (Fe,Co)304 were determined by solid state emf measurements, 

as discussed in Paper IV.

Comments on the systems studied

Two different types of conversion process have been studied in this work. First, the 

carbothermal reduction of Al,03(s) and MgO(s), and secondly, the production of H, through 

water splitting. The water splitting processes have been studied by examining the effects of 

various supporting redox pairs.

Carbothermal reduction of Al203 and MgO

The overall reactions of the carbothermal reduction of A1,03 or MgO proceeds according to

A1203(s) + 3 C(s) -4 2Al(g) + CO(g) (I)

and

MgO(s) + C(s) -4 Mg(g) + CO(g) (n)

The calculations were performed to determine the effects of different process parameters, 

such as the total pressure, reactor temperature and the amount of inert gas streaming through 

the reactor, flushing out the various gaseous species formed. The amount of inert gas is 

denoted by the symbol R, and defined as

where n^ is the number of moles of Ar and nMeQ 

the initial number of moles of AL,03 or MgO.
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temperatures and R-values.
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The results from the calculations are indicated in Fig. 1 (Al) and Fig. 2 (Mg). From the 

diagrams in Fig. 1 the main reactions for the process can be deduced. First the A1203 reacts 

with carbon according to the reaction

2A1203(s) + 3C(s) -> A1404C(s) + 2CO(g) (El)

Then, by increasing the temperature or adding more inert gas the reaction will continue as 

follows

Al404C(s) + 6C(s) A14C3(s) + 4CO(g) (IV)

Finally, at temperatures around 2000 K, the initial A1203 is completely transformed to Al(g) 

and AUO(g). This process will obviously require very high temperatures and R-values to 

achieve Al(g) as final product. However, the carbide, Al4C3(s) which is formed at lower 

temperatures and at lower R-values, is also an interesting product from a practical point of 

view.

In Fig. 2, the results from the corresponding calculations for the carbothermal reduction of 

MgO, are shown. From the results obtained it became obvious that the reduction reaction 

will proceed strictly according to reaction (II). At a total pressure of 0.1 bar the MgO can be 

completely transferred to Mg(g) at comparatively low temperatures (1600 K) and R-values. 

These results indicate that this system can be of great interest in a solar energy conversion 

process as the equilibrium is shifted completely over a relatively narrow temperature range. 

Such a conversion process can be described as follows:

During the "day time" solar energy is used to heat the system to reaction temperature and 

to run the reaction (II). Assuming an incoming temperature of the reactants, MgO(s) and 

C(s) of 1000 K, a reaction temperature of 2000 K, a total pressure of 1.0 bar, and an R-value
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Fig. 2.

1bar total pressure

M g 0 Is)

lbar total pressure

T emp/K

The distribution of Mg-species in the carbothermal reduction of MgO for 
different R-values and total pressures, for various temperatures.

of 1, the energy demand will be 710 kJ/mole Mg(g) formed. The Mg(g) and the CO(g) 

produced are separated from each other and stored.
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During the "night time", the energy is released by reversing the direction of reaction (II)

Mg(l) + CO(g) -» MgO(s) + C(s) (V)

The energy released, assuming a reaction temperature of 1000-1100 K, will be about 495 kJ, 

which is almost 70% of the energy needed in the "day time" reaction.

Water splitting using a metal oxide pair as a supporting redox system 

A thermochemical water splitting process can be written schematically as

H20(g) -» H2(g) + 1/202(g) (VI)

0.75 --

0.5 --

025 -■

Ternp/K

Fig. 3. The distribution of the main species formed in the thermal dissociation of water, at 
various temperatures.
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The thermal dissociation of water will require very high temperatures to shift the equilibrium 

to the right. Fig. 3 shows the distribution of the species formed when heating 1 mole of H,0. 

As can be seen, temperatures above 3300 K are needed to convert 50% of the initial H,0.

At these temperatures the products H2, H, OH and 02 are formed in about equal amounts. 

This gas phase has to be cooled rapidly and the H2 formed must immediately be separated 

from the gas mixture to avoid a severe back reaction.

Fig. 4. A surface plot of the yield of H2, as a function of temperature and lg p(02). Curves 1-4 
correspond to the calculated yields for the metal oxide redox systems studied.
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The yield of H2 in the water splitting reaction is controlled by the temperature and the 

partial oxygen pressure. In Fig. 4, the yield of H2 is shown as a surface plot with 

temperature and oxygen pressure as variables. As can be seen, under certain conditions there 

is a drastic change in the H2 yield for small variations in the reaction parameters. Thus, to 

control the yield of H2, suitable redox systems should be used which would give the 

following reaction

ROr + H20 -> R0ox + H2(g) (VII)

where RO is a supporting redox system and the subscripts r and ox denote reduced and 

oxidized states, respectively. The oxidized phase must then be reduced in a subsequent 

reaction according to

ROox + energy ROr + ^02(g) (VIII)

Fig. 4 also includes some curves showing the yield of H2 for various supporting metal oxide 

redox systems. As can be seen, the redox systems Nb02-Nb,05 (1) and ,Fe0>-Fe304 (2) will 

give rather high yields of H2, especially at lower temperatures, while the systems MnO- 

Mn304 (3) and CoO-Co304 (4) will give much lower yields, see also Table 2.

However, the systems (1) and (2) can not be reduced thermally at temperatures below their 

melting points. If the redox system melts, this can cause severe technical problems as the 

solidification of the melt forms a compact bulk material which will lower the efficiency of 

reaction (VII). To reduce the oxidized phase formed in these systems a reducing agent, for 

example carbon, must be added, as discussed in Paper I. The redox systems (3) and (4) may 

be thermally reduced at temperatures below their melting points. However, these systems 

will not decompose water to any greater extent.



15

Table 2. The yield of H2 at 900 K for the different metal oxide redox systems studied in 
this work, together with the thermal reduction temperatures in air and the melting points of 
the systems.

System

Yield of H2 (%)

at 900 K Reduction temp /K

Melting point /K

Reduced phase Oxidized phase

NbOj/Nb-jOs 99.7 3600 2175 1785

’Fe07Fe304 63.0 2685 1650 1870
Mn0/Mn304 2- 10'3 1810 2115 1835
CoO /Co304 4- IQ’7 1175 2080

These results initiated an investigation of the activity conditions in the solid solution 

between the systems ’Fe0’-Fe304 and CoO-Co304, to see if it is possible to combine the 

good yield in the Fe-system with the low thermal reduction temperatures of the Co-system. 

This investigation was carried out by solid state emf measurements and the results obtained 

were used in the model calculations, where the following reactions are predominant

step 1 3’(Fe,Co)0’(ss) + H20(g) » (Fe,Co)304(ss) + H2(g) (IX)

step 2 (Fe,Co)304(ss) + energy ** 3’(Fe,Co)0’(ss) + V$02(g) (X)

The behavior of this redox system in a water splitting process can be explained as follows: 

Starting with an initial composition corresponding to ’(Fe0 85Co015)O\ the yield of H2 will be 

about 46% at 900 K . During the oxidation of the redox system the equilibrium 0, pressure 

will increase, and thus the yield of H2 will gradually diminish. When half of the system is



16

oxidized, the yield will be about 10% and when fully oxidized the yield will have decreased 

to about 3%.

The thermal reduction in air of the generated oxidized phase will start at about 2020 K. 

During the reduction the equilibrium 02 pressure will decrease and thus the thermal 

reduction temperature will gradually increase. When half of the system is reduced, the 

temperature will be about 2110 K and when fully reduced about 2135 K.

Water splitting using iron halide-magnetite as a supporting redox system

The water splitting process based on an iron halide-magnetite redox system can be

summarized by the following main reactions

Step 1 3FeX2(s,l) + 4H20(g) * Fe304 + 6HX(g) + H2(g) (XI)

step 2 Fe304(s) + 6 HX(g) ** 3FeX,(g) + 3H20(g) + 1402(g) (XII)

where X denotes F, Cl, Br or I.

The results obtained from the model calculations indicate that the FeCl2-Fe304 system would 

be the most favourable, for three main reasons:

/) in the step 1 reaction, the cases X = F, and X = Cl will give the highest yields of 

H2. However, in the case X = F, extremely aggressive HF(g) is formed, which is very 

difficult to handle. The HCl(g) formed in the case X = Cl is therefore a more 

convenient product.
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ii) in the step 2 reaction, the phase Fe304 has to be reduced to FeX,. In the cases X = Cl 

and X = Br, this reduction is possible to perform. However, in the case X = Br, the 

following important side reaction occurs

2HBr(g) + V$02(g) - H20(g) + Br2(g) (XIE)

which will disturb the process. This side reaction will also occur in the case X = Cl 

but to a much less significant extent.

iii) The vapor pressures of FeCl, and Fe2Cl4 are much lower than those of the 

corresponding species in the Fe-Br system.

Fig. 5 presents a block diagram for a two step water splitting process based on the 

calculated results from the FeCl2-magnetite system. This proposed process will give a yield 

of H2 of about 48% at temperatures of 1050-1075 K and 1.0 bar total pressure. The products 

H2 and HC1 are separated from the vapor phase and the remaining gaseous species are 

recycled to the step 1 reactor. The H2 formed is removed from the process while the HCl(g) 

is transferred to the step 2 reactor together with the Fe304(s) formed. In the step 2 reactor, 

the temperature must be in the range 1500-1800 K. Below 1500 K the phase Fe203 will start 

to form, and above 1870 K, Fe304 will start to melt. To keep the amounts of FeCl3(g) as low 

as possible a high temperature is favourable. Thus, a reaction temperature of 1700-1800 K 

would be most suitable. The species FeCl2(g), I^OCg) and 02(g) formed in the step 2 

reaction are then separated from the gas phase, 02 is removed from the process while FeCl2 

and the H20 are transferred back to the step 1 reactor. The remainder of the gas phase, 

mainly consisting of unreacted HQ and some small amounts of Cl2 and FeCl3, is recycled to 

the step 2 reactor.
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FeC^igl

Fig. 5. A block diagram of the proposed two-step water splitting process based on
the FeCl2 - Fe304 redox system.

The main energy requirements for this process, regarding the formation of one mole H2 

and Vi mole of 02 are as follows: the step 1 and the step 2 reactions are endothermic 

requiring about 215 and 410 kJ, respectively. The preheating of H20(1) from 285 K to 

HjOCg) at 1050 K requires 73 kJ, and the preheating of Fe304(s) and HCl(g) from 1050 to 

1800 K requires 320 kJ. On the other hand, the recycling and condensation of the FeCl,(g) 

and the cooling of H20(g) formed in step 2 from 1800 to 1050 K, will liberate about 660 kJ. 

Neglecting all kinds of energy losses, as may occur in heat exchangers, and energies for 

pumping, the net energy demand for this process would be 360 kJ. This value should be
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compared with the energy of combustion of H2, which is 285 kJ.

EXPERIMENTAL WORK

The experimental work was carried out to determine the phase relations in the Fe-Co-0 

system, and the activity conditions in the solid solutions ’(Fe,Co)0’ and (Fe,Co)304. These 

two phases are, in the subsequent text, referred to as "cowii" and spinel, respectively.

Determination of the phase relations was performed by equilibration studies, where sample 

mixtures with known total compositions were equilibrated at 1300 K in evacuated and sealed 

Al203-tubes for 24-76 h. The equilibrated samples were quenched to room temperature and 

the phases obtained were analyzed by X-ray powder diffraction (Rigaku D/MAX HA with 

graphite monochromatized CuKot). The Fe and Co contents in the phases were determined 

using a Wave Length Dispersive (WDS) microprobe (Camebax SX 50, Cameca). In the 

microprobe analysis about 10-30 grains in each sample were analysed, and the standard 

deviation varied between 0.5 and 1.5 mole%, which indicates that the phases were 

homogeneous.

By knowing the total compositions and the relations between Fe and Co in the phases in 

each sample, the boundary curves between the "cowii" phase and the spinel phase, and 

between the "cowii" and the alloy phase could be evaluated, see Fig. 6, with the assumption 

that the spinel phase, in conformity with the pure magnetite, is stoichiometric in equilibrium 

with the "cowii" phase.
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T =1300K

Fig. 6. Ternary phase diagram obtained for the system Co-Fe-O, x denotes the total
composition of the samples examined, o is the phase relations obtained in 
air.

It was found that complete solid solutions existed in the alloy phase (Fe,Co), and in 

the cowti phase. In the spinel phase, solid solution was found within the composition range

investigated. It should be noticed though, that the oxygen content of the "cowti" phase, in
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agreement with [8], varies considerably with the Co content not only in equilibrium with the 

spinel phase, but also to some extent in equilibrium with the alloy phase. This variation is 

supported by the results obtained for the unit cell parameter, a, (FCC) for the "cowti" phase 

in equilibrium with the alloy phase. A negative deviation from Vegard’s law was found at 

compositions X<Co0)< 0.7, which indicates a contraction of the unit cell. This contraction is 

most probably caused by the increase in the number of cation vacancies when Co2+ is 

partially replaced by Fe3+. The unit cell parameter for the "cowii" phase in equilibrium with 

the spinel phase could not be evaluated with trustworthy accuracy.

Solid state emf measurements

The activity of FeO in the solid solution ’(Fe^CoJO’ was studied by using the solid state 

emf technique, incorporating calzia-stabilized zirconia (CSZ) as solid electrolyte. The 

galvanic cell configuration can schematically be written

Pt, sample mixture, | CSZ | reference mixture, p*Q , Pt 

The emf values measured over this cell are related to the oxygen partial pressures according 

to the expression

„ _ RTlnlO , (Po‘:
E =----- --— *log.

4F (P0j)

where R is the gas constant, T is the temperature (in Kelvin) of the galvanic cell, F the 

Faraday constant, and pm^ and p^ are the partial oxygen pressures of the reference and the 

sample half cells, respectively. This method has proven to be the most sensitive and accurate 

method for the determination of the partial oxygen pressures at high temperatures, and at our
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department we have for many years used the closed cell arrangement developed by Charette 

and Flengas[9],

However, during the past years we have encountered problems in achieving stable and 

reproducible emf values when trying to study some specific systems. The common 

denominator of these troublesome systems has been that they have a low oxygen buffer 

capacity (i.e. very slow equilibrium reactions, or system with a non fixed phase 

composition). It is our experience that this problem is due to a small diffusion of oxygen 

through the electrolyte material, either because of some electrochemical transport of oxygen 

as ions, or as diffusion through pores and micro cracks. This oxygen diffusion is normally 

not a severe problem, but when studying a system with a low oxygen buffering capacity, the 

system will not be able to compensate for the changes in the oxygen fugacity. In Fig. 7, a 

typical result is shown from the preliminary measurements on the equilibrium reaction

3’(Fej.xCox)0’(ss) + i^02(g) * (Fe1.yCoy)304(ss) (XIV)

As seen in this figure, the emf s at various temperatures drift with time, and the slopes at 

constant temperatures correspond to the flow of oxygen through the electrolyte. This plot 

indicates that the diffusion problem begins at temperatures as low as 1100 K.

Some years ago a new arrangement for emf measurements, here called the "zero point" 

method [10], was developed at our department to overcome this problem. In this method a 

gas mixture, initially made up of CO, and H,, is used to nullify the potential of the sample 

cell (i.e. equalize the oxygen pressure on both sides of the electrolyte membrane) and then 

measure the partial oxygen pressure of the gas phase by using an auxiliary reference cell 

containing a fast responding and well determined metal-metal oxide as reference system.
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1200 K

1125 K

2 days 3

Fig. 7. The drifting emf values obtained in the preliminary emf measurements on
the solid solution system (Fe,Co)0-(Fe,Co)304.

This method has, however, some limitations: First, at low temperatures and low oxygen 

pressures carbon (C(s)) starts to precipitate which disturbs the measurements. Secondly, to 

generate higher and higher oxygen pressures the ratio COj/FL, in the incoming gas becomes 

very high and difficulties arise in maintaining and controlling this ratio. In the studies of the 

system (Fe,Co)0-(Fe,Co)304 quite high partial pressures of oxygen were obtained, and thus 

the "zero point" technique was not a suitable solution for this study.



24

The improved emf cell

To be able to measure stable emf values in the "cowti"-spinel system, a new cell 

arrangement was developed, which is described in Paper V. This new arrangement involves 

three ceramic tubes and is called the "triple tube" cell (TTC). The basic idea behind this 

method is the same as for the "zero point" method, namely by nullifying the potential over 

the sample cell. Instead of having a gas mixture acting as equalizer of the oxygen pressures, 

in the "triple tube" cell the sample mixture itself is used as buffer. The triple tube cell 

consists of two electrolyte tubes, one containing the sample and the other the reference 

system. These two galvanic cells are connected with a Pt wire in a serial circuit and inserted 

in an evacuated and sealed AljC^ tube containing about 5 g. of the sample mixture as an 

oxygen buffer. This buffer will automatically generate an oxygen pressure outside the 

electrolyte tube containing the sample about equal to that inside the tube, see Fig. 8 for 

details.

The cell configuration for this arrangement can be written

Pt, sample, p02, | CSZ | Pt, buffer mixture, p02 , Pt j CSZ | reference, pO\, Pt
--------E0-------------------- 1 I----------- Et------------------

-------------------------------------------Etol------------------------------------------------

where p02~ p02, E0 is the emf between the sample cell and the buffer mixture, Er the emf

between the reference cell and the buffer mixture, and EM the potential between the sample 

cell and the reference cell.

As there will be a difference in oxygen pressure between the reference and buffer systems, 

the buffer mixture may be affected by oxygen diffusion, in to or out of the electrolyte tube 

containing the reference system. This could be noticed as a deviation from zero of the E0-
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d Solid electrolyte 
^ A1203 - tube 
0— Pt - wire

Sample system as "buffer" ife

Fig. 8. A schematic sketch of the TTC - cell construction developed to avoid disturbances 
of emf measurements due to oxygen diffusion.

values. In most cases E0 < 10 mV. The sample, however, was kept intact for a long time. 

For example, one of the experiments could be carried out for a time span of 85 days giving
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stable and reproducible emf values. However, in some few cases when E0 exceeded about 

15 mV, a slight drift in the EM values could be observed.

In Fig. 9 experimental results are shown from the measurements of the solid solution 

system using this new "triple tube" cell arrangement. The emf values (£t0[) were measured 

every ten minutes and plotted against time. As can be seen, the emf’s do not drift at various 

constant temperatures (c.f Fig. 7).

1300 K

1280 K

1260 K

1215 K

Fig. 9. A plot of the emf values obtained using the developed TTC - arrangement.
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Comments on the experimental results 

The equilibrium reaction

3’(Fei.xCox)0’(ss) + mCg) - (Fei.yCoy)304(ss) 

was studied in the temperature range 970 - 1370 K for seven different total compositions, see 

Table 3. The emFs obtained for the different compositions at various temperatures were 

smoothed to a three parameter function E = §{T) and the calculated standard deviation of the 

fit was below 1 mV for six of the compositions. The E = j>(T) relationships are plotted in 

Fig. 10.

Table 3. The initial total composition of the samples studied, and determined molar fractions 

in the "cowti" phase and in the spinel phase, at 1300 K.

initial composition wtistite phase Spinel phase
Sample no: Co % Fe % O % X(CoO) X(FeO) X(Co304) X(Fe304)

1 0.0 44.4 55.6 0.0 100.0 0.0 100.0
2 4.5 40.9 54.5 15.5 84.5 5.2 94.8
3 6.8 38.5 54.7 20.2 79.8 7.9 92.1
4 7.7 36.8 55.4 20.4 79.6 8.5 91.5
5 12.8 32.5 54.7 39.9 60.1 15.2 84.5
6 16.7 27.8 55.5 62.6 37.4 24.4 75.6
7 22.8 22.2 55.1 75.5 24.5 30.7 69.3



28

Temp /K

Fig. 10. A plot of the emf functions evaluated for the different compositions studied. The 
numbers 1-7 indicates the sample compositions given in Table 3.

As can be seen in Fig. 10, the curves corresponding to sample numbers 2, 3, and 4 have a 

break point at about 1165 K, which indicates that there is a phase transformation in the 

equilibrium system.
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These emf data and the compositional analysis data from 1300 K were used to calculate 

the activity of ’FeO’ in the "cowii" phase, see Fig 11, assuming the spinel phase to be an 

ideal solid solution. As can be seen, the activities of ’FeO’ show a negative deviation from 

ideality, which is in contradiction to previous work [8, 11]. The drop in activity in the iron 

rich region may be explained by the variation in oxygen content observed in this region.

0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X('FeO')

Fig. 11. The activity of ’FeO’ in the "cowii" phase derived from the emf 
and determined composition data.
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From the emf measurements performed below 1165 K for samples 2 - 4 we can conclude 

that the system changes from one two-phase system to another two-phase system as the emf 

values of the different samples are on different levels. These samples were re-equilibrated at 

1080 K and analyzed by powder X-ray diffraction. The pattern obtained indicated the 

presence of a spinel phase only. In the microprobe analyses we could observe both a spinel 

phase, and small amount of an alloy phase. The iron content was measured to be between 88 

and 97% in the spinel phase and between 3 and 12% in the alloy phase. These results 

indicate strongly that there is a miscibility gap in the iron rich part of the "cowti" phase at 

temperatures below about 1165 K, as suggested in [12]. However, further investigations are 

required to clarify the equilibrium conditions in this region.

DISCUSSION

Among the solar fuels candidates, H2 holds a prominent position due to its high 

energy/weight ratio (c.f. Table 1), its clean combustion product, various utilizations as fuel or 

chemical, and its availability in the form of water. Therefore, much effort has been devoted 

to constructing processes for H2 production, see [13-16]. Most of the H, produced today, 

originates from steam-reforming of natural gas, coal gasification, and partial oxidation of 

petroleum. These processes consume fossil fuels and may therefore not be suitable in the 

future. Alternatives to these processes are closed water splitting processes, of which there are 

a number of suggestions, see [17] for a review. Several of these suggested cycles will not 

work from a thermodynamic point of view, as side reactions will disturb the processes, and
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very few are worth an experimental study. However, a few of the suggested processes have 

been found to be of interest, among them the so-called UT-3[18-20] and the Iodine-Sulfur 

[21] cycle processes, which are now running in pilot plants. The water splitting process 

based on the FeCl2-Fe304 redox system was the object of several experimental studies 

during the second half of the 1970s [22-26] and various cycles were suggested. The common 

reaction in these cycles was the hydrolyses reaction (XI), and the experimental results from 

these experiments are in conformity with the data generated in the present work. However, 

the high temperature de-oxidation of the magnetite formed according to reaction (XU) has 

never been suggested and tested. Instead several different processes for this de-oxidation 

running at lower temperatures were investigated. The results from these experiments showed 

that the formation of FeCl3(g), and the subsequent reduction to FeClj, lowered the efficiency 

of the process below reasonable economic limits. However, in the de-oxidation reaction (XII) 

suggested here, the formation of FeCl3(g) will not occur to the same extent, and this 

promising reaction should be the object of experimental studies.

The water splitting processes using metal oxides as supporting redox pair have, in theory, 

some technical advantages as there will be no special needs of separation techniques. In 

reaction (VII), the H2 formed will be easy to separate as the gas phase contains only H, and 

unreacted H20. In the subsequent reaction (Vm), 02 will be released to the air. However, 

none of the metal oxide redox pairs studied so far will work satisfactorily in both steps.

Even if H, is considered as a future main energy carrier, there are other energy rich 

chemicals to be considered, for example A1 and Mg. In case of A1 production, the 

calculations showed that very high temperatures and R-values were needed to form Al(g) and



32

furthermore, a 100% conversion to Al(g) could not be obtained. However, in the case of 

carbothermal reduction of MgO, this process could be performed with 100% conversion 

efficiency at lower temperatures and more moderate R-values, as compared to the production 

of Al. The carbothermal reduction of MgO has been reported to have a slow reaction rate 

[27], which is why this system should be tested experimentally in a solar furnace, as there 

are reports that the photon activity can enhance the reaction rate by supporting the activation 

energy needed for the reaction [1,28].

Concluding remarks

From the present work it has turned out that two of the processes studied exhibit 

promising properties usable for a future energy conversion process,(z) the cyclic 

reduction/oxidation of the system MgO-C, and (z7) the two-step water splitting process using 

FeCl2-Fe304 as a supporting redox system. The performance of these two systems can 

theoretically be compared as follows.

Assuming a solar energy conversion process that should deliver chemical energy 

equivalent to a 10 MW power station, this will correspond to the combustion of about 75000 

STPm3 H2, or about 42 ton of Mg(l) combusted in CO, during a time span of 24 hours. To 

generate the necessary amount of H2 in the FeC^ based process, as illustrated in Fig. 5, the 

mass of FeCl2 needed will be 1150 ton, and about 700 ton of Fe304(s) and 660 ton of HCl(g) 

are fornied. The energy needed to heat these reactants from 1050 K to the step 2 reaction 

temperature, 1800 K, and to run the reaction will amount to about 2.2 • 109 kJ. Assuming 10 

hours sunshine per day with an average intensity of 800 Win2, an area of about 77 000 nr
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is required from which the solar irradiation must be concentrated into the reactor. The latent 

heat of the products formed in the step 2 reaction may be used to run the step 1 reaction and 

for heating the incoming water.

In the case of the MgO-C system, assuming an R-value of 1, and a total pressure of 1.0 

bar, the necessary energy to heat the MgO(s) and the C(s) from 1000 K to 2000 K, and to 

run the reaction is about 1.25- 109 kJ. This value is about half of that in the previous case and 

will correspond to an area of about 44 000 m2. The scale of this power plant would thus be 

smaller and less expensive to construct compared to the previous water splitting process.



34

ACKNOWLEDGEMENTS

First I want to thank:

My wife Kerstin and then my daughters Viola, Sara, Lena, and Britta to whom I owe so 
much, that a detailed list in this Thesis would make trees cry loudly and the owners of the 
paper mills to leap joyfully, and undoubted, raise the stock values of these companies 
beyond our imagination.

Then: my advisor Professor Erik Rosén who has obstinately encouraged me when things were out 
of my control, giving ideas and wise thoughts, and desperately extorted some sense from my 
work

and Mrs Barbro Saitton who has served me with experimental assistance and scolded me when I 
got awfully lazy and Miss Annika Hjelt for drawing my figures 

and Dr. Dan Boström and Dr. Bo Lindblom for helping me with the calculations and giving ideas 
of suitable systems to study

and Lars Göran Adolfsson for making it possible for me to transfer the "ones and zeros" from the 
computer to a remarkably readable form on paper, and for helping me with all kinds of 
troubles that a computer necessitates

and Dr. Douglas Baxter for all his hard work, preforming linguistic revisions of the manuscripts 
that he has received from mr. Mats "dysletcic" Lundberg 

and all dear colleagues and friends at this department for being most stimulating, teasing,
didactic, beautiful, always eager to help, and for knowing best and eating the food I served 
for lunch.

Finally I want to express just enough gratitude to all those who really think that they deserve it, 

especially to Lennart Johansson, who has been lucky enough to have me as an opponent in the 
Umeå Judo club. In these competitions he, and he solely, has been left standing as the winning 
contender (this I really hate him for). Alas, I have to thank him for supplying me with the best of all 

homebrewed beer, and for joyful discussions which have been far beyond the realms of this Thesis, 
and most of all, for drawing the front page.

The financial support from the Swedish Board for Technical Development, and the Energy 

Research Commission are most gratefully acknowledged.



1

2

3

4

5

6
7

8

9

10

11

12
13

14

15

16

17

18

35

REFERENCES

Winter, C.-J., Sizmann, R.L. and Vant-Hull, L.L., Solar Power Plants: Fundamentals-Technology- 

Systems-Economics, Springer Veriag, 1991

Veziroglu, T. N. and Barbir, F., "Hydrogen: the Wonder Fuel", Int J. Hydrogen Energy,17, 391-404 

(1992)

Eriksson, G. and Hack, K., "ChemSage-A Computer Program for the Calculation of Complex Chemical 

Equilibria", Metall. Trans. B.,21B, 1013-1023 (1990)

White, W., B., Johnson, S. M., and Dantzig, G. B. .”Chemical Equlibrium in Complex Mixtures",

/. Chem Phys, 28, 751-755 (1958)

Barin, L, Thermochemical Data of Pure Substances, VCH Verlagsgesellschaft, Weinheim, 1989.

JANAF, Thermochemical Tables, J. Phys. Chem. Ref. Data, 3rd Fdn Vol 14 (1985)

Knacke, 0„" The Boundaries of the Wiistite Phase", Ber Bunsenges. Phys. Chem, 87, 797-800 (1983) 

Aukrust, E,, and Muan, A„ "Thermodynamic Properties of Solid Solutions with Spinel-Type Structure 

H: The system C^04-Fe304 at 1200°C, Trans. Metall. Soc. AIME, 230, 1395-1400 (1965)

Charette, G.,G. and Flengas, S., N.,"Thermodynamic Properties of the Oxides of Fe, Ni, Pb, Cu, and 

Mn, by EMF Measurements", J.Electrochem. Soc., 115, 796 (1968)

Boström, D., Lindblom, B., Rosén, E. and Söderlund, M„ "A Solid State EMF Method to Determine 

Equilibrium Oxygen Pressures of Slow Reacting Systems At High Temperatures", High Temp. Sci. 28, 

235-244 (1990)

Seetharaman, S. and Abraham, K. P., "Activity Measurements in CoO-FeO Solid Solution", Trans 
Indian Inst. Metals, 16-19 (June 1972)

Raghvan, V., "The Co-Fe-0 System", J. Alloy Phase Diagram, 6, 1-7 (1990)

Chao, R. E., "Thermochemical Water Decomposition Processes", Ind. Eng. Chem.Proc. Res. Develop.
13, 94-101 (1974)

Balthasar, W., "Hydrogen Production and Technology: Today, Tomorrow and Beyond", Int. J. Hydrogen 
Energy, 9, 649-668, (1984)

Winter, C.-J., "Hydrogen Energy- Expected Engineering Breakthroughs", Int. J. Hydrogen Energy,12, 

521-546 (1987)

Ohta, T., Funk, J. E, Porter, J. D. and Tilak, B. V„ "Hydrogen Production from Water: Summary of 

Recent Research and Development, Presented at the 5th World Hydrogen Energy Conference", Int. J. 
Hydrogen Energy, 10, 571-576 (1985)

Yal^in, S.,"A Review of Nuclear Hydrogen Production", Int. J. Hydrogen Energy, 14, 551-561, (1989) 

Aochi, A. and Tadokori, T.,"Economical and Technical Evolution of UT-3 The.rmnr.hp.mir.al Hydrogen 

Production Process for an Industrial Scale Plant", Int. J. Hydrogen Energy, 14. 421-430 (1989)



36

19 Aihara, M., Umida, H., Tsutsumi, A., and Yoshida, K.."Kinetic Study (rf UT-3 Thermochemical 

Hydrogen Production Process". Int. J. Hydrogen Energy, 15, 7-11 (1990)

20 Sakurai, M., Aihara, M., Tsutsumi, A., and Yoshida, K.,'Test of One-Loop Flow Scheme for the UT-3 

Thermochemical Hydrogen Production Process", Int. J. Hydrogen Energy, 17, 587-592 (1992)

21 Shimizo, S., Onuki, K. and Nakajima, H., "Bench-Scale Studies of the Iodine-Sulfur Process”, IEA 
annex IX; Proc. Second Technical Workshop, 49-55 (1991)

22 Knoche, K. F., Cremer, H„ Steinborn, G. and Schnider, W.,” Feasibility Studies of Chemical 

Reactions for Thermochemical Water Splitting Cycles", Proc. 1st World Hydrogen Energy Conference. 
(1976)

23 Broggi, A., De Beni, G. and van Velzen D„ "Definition and Analysis of Thermochemical Processes for 

Hydrogen Production Based on Iron- Chlorine Reactions" Proc. 1st Word Hydrogen Energy Conference, 
(1976)

24 Knoche, K. F. et al."Experimental and Theoretical Investigation of Thermochemical Hydrogen 

Production", IntJ. Hydrogen Energy, 3, 209-216, (1978)

25 van Velzen, D. and Langenkamp, H„ "Development Studies on Thermochemical Cycles for Hydrogen 

Production", Int. J. Hydrogen Energy, 2, 107-121 (1977)

26 van Velzen, D. and Langenkamp, H., "Problems around the Fe-Cl cycles", Int. J. Hydrogen Energy, 3, 

419-429 (1978)

27 Fraehan, R. and Martonik, L., "The Rate of Reduction of MgO by Carbon", Metall. Trans B, 7B, 537- 

542 (1976)

28 Graham, J. L. and Dellinger, B„ "Solar Detoxification of Hazardous Organic Wastes", ProcAth 
International Symposium on Solar Technology, 391-406, (1990)


