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ABSTRACT 

f ,  hi& temperature, solid-electrolyte fue l  c e l l  i s  described which uses 
molten rock having oxidizable constituents as a fuel. 
th i s  magma fuel  c e l l  have been successfully demonstrated and power 

The principles of 

densities of 88. W/m' have been achieved. 
substmtiaUy increased, the magma fue l  c e l l  may find nmerous applications 
i n  magma tap  projects t o  increase the efficiency of energy extraction 
from magma 6ources. 

If power densities can be 

'i 
i 

M k l B U T l O N  OF THIS OVCUMENT IS UNLlMlTE $el 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



ACKNOWLEDGEMENTS 

The author would l i ke  t o  gratefully acknowledge the technical support 

of J. M. F’reese. H i s  aid i n  the construction and instrumentation of 

the fuel cel1,as well as providing assis tmce i n  performing the various 

experiments,was v i t a l  t o  the success of t h i s  project. 

I 

Thanks also go t o  

D r .  R. W. Lynch,for suggesting the possibil i ty of oxidizing magma i n  

a fuel cel1,and t o  Drs. R. T. Meyer, R .  A. Sallach, and W. H. Smyrl, fo r  

helpful discussions. Finally, the author would l ike  t o  thank D r .  E.  J. 

Graeber and Professor K. Keil for  supplying the Hawaiian tho le i i t i c  basalt  

and providing the chemical analysis presented i n  Table I. 

I 2 

f 



V 

t 
c 

3 

Introduction 

Magma (molten rock) within the Earth's crust contains vast quantities 

of energy which, i f  successfully extracted, could provide a significant '  

new source of energy i n  the future. Because temperatures are expected 

t o  be i n  the 1200-1600°C range, ma@;ma represents a high quality energy 

source. The thermal energy extracted from one cubic mile of magma by 

lowering i t s  temperature by 100°C should provide enough energy t o  run 

several lo00 MW e lec t r ica l  plants for  tens o f  

i n  chambers a t  depths not exceeding dr i l l ing  limits, then it is possible 

tha t  t h i s  energy can be extracted with a direct  magma tap. 

has, i n  fact ,  proposed t o  investigate the  direct  magma tap as a new energy 

source. J'2 

the use of a fu l ly  closed heat exchanger p l a  

However, t h i s  report describes a magma fuel  c e l l  as tin alternate method 

of energy extraction which m a y  serve t o  inqrease the efficiency of  energy 

If the magma exis ts  

Sandia Laboratories 

The most l ike ly  method of energy recovery proposed t o  date i s  

withdrawal and/or provide the energy necessary for  the electrochemical 

protection of the heat-exchanger materials placed i n  the corrosj,ve maqma 

environment. Because it is expected that magma source6 l i e  below volcanoes 

o r  other geothermal anomalies at depths of two miles or  more, the costs 

of dr i l l ing  t o  reach these sources then become a major factor i n  the 

economic feas ib i l i ty  of using molten rock a6 a future energy 8ource. 

Improving the efficiency o f  energy extraction would reduce the required 

number of deep d r i l l  holes, resulting i n  a significant decrease i n  the 
J 

projected net cost, 
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Theory 

The magma fue l  c e l l  i s  based on the same principles tha t  have been 

applied i n  the development of high temperature fue l  ce l l s  used with 

conventional fuels. The basic component of the fue l  c e l l  i s  a so l id  

electrolyte which i s  an oxygen ion conductor a t  high temperatures. 

1900, Nernst 

high electrolyt ic  conductance. Kingery e t  al. showed tha t  t h i s  conduction 

I n  

3 discovered tha t  yt t r ia-s tabi l ized zirconia exhibited a 
4 

was pract ical ly  pure ionic. 

sol id  electrolytes are known, caLcia o r  yt t r ia-s tabi l ized zirconia are the 

most common and offer  some of the best  results.  

impervious mixed-oxides which crystal l ize  with a f luori te- tme l a t t i c e  struc- 

tu re  containing oxide ion vacancies within the l a t t i c e ,  

are free t o  migrate a t  high temperatures with the net resu l t  being the con- 

duction of an oxygen ion current through the l a t t i ce .  

Although a number of these ionic conducting 

These electrolytes are sol id ,  

These vacancies 

Weissbart a,nd Ruka5j6 of Westinghouse Electric Corporation were the 

first t o  construct and operate a fue l  c e l l  using a calcia-stabilized 

zirconia sol id  electrolyte.  The c e l l  u t i l i zed  a hydrogen-water vapor 

mixture a t  the anode and oxygen a t  the cathode. Their resul ts  showed 

tha t  the c e l l  operated as an oxygen concentration ce l l .  That is, the 

open c i rcu i t  EMF i s  determined by the relat ive oxygen p a r t i a l  pressures 

( s t r i c t l y  speaking oxygen fugacities) a t  the two electrode surfaces. 

Similar sol id  electrolyte cel ls  have been shown t o  be effective oyygen 

sensors when used with a known reference oxygen pressure a t  one electrode. 

Weissbart and Ruka's resul ts  also produced current-voltage curves at  various 

temperatures which were l inear  with slopes within 5% of the measured 

c e l l  resistance. This 

( 800-l100°C) electrode 

indicates that  a t  the high temperatures involved 

polarization i s  negligible. Thus, the c e l l  current 
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bd w i l l  be limited by the internal  resistance of the c e l l  wtil very high current 

densit ies are achieved where it i s  expected tha t  concentration polarization 

may begin t o  limit the current. 

electrolyte fue l  ce l l s  has been conducted a t  Westinghouse7-' and Genera3 

Electric. 

Considerable additional work on sol id  

10,11 

6 The basic design of the fue l  c e l l  of Weissbart ssld ' as well as 

the magma fue l  c e l l  i s  t o  sandwich the sol id  electrolyte between two 

porous electrodes with oxygen a t  different fugacities on ei ther  side of 

the cel l .  

of expansion will flow from the high fugacity side of the c e l l  t o  the low 

fugacity side. 

If current i s  allowed t o  flow, oxygen driven by the f ree  energy 

The maximum EMF of the c e l l  i s  given by the Nernst equation. 

W 

d f (  02)" are the high and low oxygen fw-acit ies respectively, 

energy of isothermal expansion of oxygen, R i s  the universal 

gas constant, F is  the Faraday constant, and T i s  the temperature o f  the 

c e l l  i n  Kelvins. In  a &el c e l l  employing a sol id  electrolyte a t  high 

temperatures,' the fuel  acts as a chemicaA sink or  buffer t o  keep the 

olcygen fugacity low on the fue l  side of the cell .  

t o  be passed through the c e l l  and keeps the EMF of the c e l l  high. 

Th allows more oxygen 

The new 

feature i n  the magma fue l  c e l l  i s  tha t  magma o r  molten rock acts as the 

fue l  rather than H2,'C0, gaseo hydro carbons materials commonly 

recognizable as fuels. The low pressure oxygen N$acity i s  controlled by 

the equilibrium 'of oxygen with the magma 'constituents. ' In  'addition' t o  

the direct  electrical. energy generated by the exparision of oxygen, thermal 

energy i s  available from the heat of reaction ass ated with the  oxidation 
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of the f'uel, e,g., FeO i n  m-8 

$ 0 2 ( g )  + 2 FeO 3 Fe 0 2 3  

AH fo r  this  reaction i s  -34.7 Kcal/mole of FeO oxidized at 1500 K assuming 

unit ac t iv i ty  coefficlents.12 I n  this case, the ferrous content of the magma 

acts as a chemical sink for 02, keeping the O2 fugacity at a low leve l  

on the magma side of the fue l  cel l .  Other species i n  the m a  which 

are not fylly oxidized m a y  also serve as f'uel components. If Fe+2 is  

the species being oxidized and reaction kinetics are rapid, then a c e l l  

using platinum electrodes rnw be written 

Experiments Procedure 

The fue l  ce l l s  reported here were developed only t o  demonstrate the 

principles and feasibility of deriving direct  e lec t r ica l  energy from 

magma, 

performance. 

compatible with magma environments on long time scales. 

Therefore, l i t t l e  e f for t  was made t o  increase c e l l  efficiency or  

The construction and materials used are known t o  be in- 
13 A more pract ical  

design w i l l  be postulated i n  another section of th i s  report. 

The fue l  ce l l s  tes ted were constructed from slip-cast ,  calcia- 

s tabi l tzed zirconia crucibles (3-4 w t .  $ calcia) obtained from Zirconium 

Corporation of America. The ce l l s  were cleaned ultrasonically i n  an 

Ahonox solution followed by tricloroethelene and methanol. 

then dried at  h o c  fo r  several hours. This procedure cleaned and prepared 

the ceramic surface fo r  the application of thin,porous-platinum electrodes. 

W o n t  7919 platinum ink diluted s l igh t ly  with DuPont 8250 thinner w a s  

They were 

applied t o  the inside and outside surfaces of the crucible and f i r ed  a t  
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1000°C f o r  2 hours. The proce was repeated heveral t i m  

m a x h i m  room-temperature resistance of the platinum electrodes was less 

t h m  0.2 A. 

The c e l l  

temperature of the lava ( i .e . ,  the  tesps were conducted at 4 2 5 O O C ) .  

Platinum lead wires were then spot welded t o  both electrodes. 

placed i n  an a;lr furnace and heated above the liquidus 

emperatbre was measured with a fFt;/loqd Rh-pt type-S thermocouple monitored 

with a Mewlett-Packard 34504 multimeter, 

plus leads -was then.measured at temperature with both electrodes i n  air. 

Hawaiian . tho le i i t i c  basdtlt with the approxh 

Table 1 was then added 

higher than the inner 

inner electrode during the limited time of t h  

of a i r  i n  4 non-convecting, molten lava s h o d  

The resistance of the c e l l  

composition given i n  

d melted t o  a level  s l ight ly  

evented air  from reaching the  

n t  since diffusion 

A diagram of the 

sented i n  f i g  equilibrium, the 
1 "  

open c i rcu i t  voltage was measured. 

then obtained by passing the c e l l  current through a 

Radio Company variable decade ~ ~ s i s t o r .  

Hewlett -Packard model '3444A DC 

Current-voltage characteristics were 

e 143217 General 

The current was measured with a 

d the voltage deter- ifunction mi 

wlett-Packard 3443A d ig i t a l  volt 

The maximum power delivered by a mafgna fuel  c e l l  operating a t  125OoC 

with molten Hawaiian , -  t ho le i i t i c  basalt  a t  the anode and - 0.17 atm. O2 at 

the cathode was N 82 mW corresponding t o  8, power density of 88 W/m . 
It was determined tha t  .the resistance of the ceLL c i rcu i t  measured without 

molten lava was generally within a few percent of the resistance measured 

during c e l l  operation, 

2 

This indicates thateelectrode polarization i s  
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negligible as was found by Weissbart and Ruk~?for t h e i r  hydrogen-oV65en 

so l id  electrolyte fue l  cel ls .  Typical current-voltage and current-power 

curves achieved by the magma fue l  c e l l  are shown i n  Figure 2. It should 

be noted tha t  the current-voltage curve i s  Tinear indicating tha t  the 

c e l l  has not yet reached a 

density of this c e l l  i s  limited by i t s  internal  resistance and the resistance 

diffusion limiting current ( i . e . y  the power 

of the lead. 

increase the power density of the c e l l  until the d i f f b i o n  Urnitin@; current 

i s  reached. 

depend on natural and/or induced convection currents occurring i n  the magma 

Reductions i n  the internal  resistance and lead r e s i s twce  W i l l  

The limiting current i n  a full scale magma tap project would 

c h e e r  as well as geometry, diffusiop rates,  temperature, viscosity, and 

Fe+2 content of the magma. 

It was noted tha t  there was a significant power loss i n  gett ing the 

c e l l  power out of the furnace since the resistance of the  platinum leqds 

was much higher than tha t  of the c e l l  i t s e l f .  

mainly by the resistance of the leads rather than the internal  resistance 

Thus power was limited 

of the c e l l  i t s e l f ,  

The m a x i m u m  open c i rcu i t  voltage of the c e l l  was generally about 

0.8 vol ts  with maximum power being delivered a t  a voltage about half t ha t  

amount. 

oxygen pressure can increase th i s  voltage. 

Changing from an a i r  t o  oxygen environment and increasing the 

At a depth of 2 mi, an average 

. 

3 overburden density of 3 g/cm 

supplied t o  the oxidant side of the fuel c e l l  a t  t h i s  pressure and the oxygen 

results iii a pzessure of - 900 atm. If O2 is  

fugacity i n  the magma remains constant with pressure, then the maximum volt- 

age of the c e l l  will be - 6.7 V. Nevertheless, i n  order t o  serve as a 

primary energy converter, the magma fue l  c e l l  w i l l  have t o  supply high power 

densities which may require many ce l l s  i n  series t o  achieve higher voltages. u 
8 



Discussion 

The results presented i n  the preceding section demonstrate the 

feas ib i l i ty  but not the pract ical i ty  of the magma fuel  c e l l  i n  a magpa 

tap project. The-maximum power density of 88 W/m i s  about two orders 

of magnitude less than that  projected for  a heat exchanger and steam 

generator. 

of these first-generation fie1 cells.  

solely by i n t e r n 4  resistance of the ce l l  and power losses i n  the leads. 

Ultimate power density t o  be achieved by the fuel c e l l  w i l l  be a function 

of limiting current density as well as the internal resistance of m a n y  

ce l l s  i n  series.  If the limiting current can be calculated and the minimum 

internal resistance measwed, then the maximum power can be determined. 

2 

However, l i t t l e  effort  was made t o  increase the power-density 

Power density i s  presently limited 

Although power density i s  of' utmost importance and not yet determined, 

it i s  encouraging t o  note that  the  thermal, energy produced i n  the oxidation 

of some magmas i s  greater than that extracted by cooling the same magna 

by 100°C with a heat exchmger. 

weight $ FeO+content, about 50 cal  of thermal energy per gram are released 

during complete oxidation of Fe'2. 

a maximum specific heat of 0.3, th i s  i s  equivalent t o  the heat extracted 

by a heat exchanger i n  lowering the temperature of the same mass of magma 

by 170°CL 

temperature of the magma by 170°C i f  complete o 

The electrochemical energy available i s  calculated t o  be 73.8 Kcal/mole of 

O2 consumed i f  the  oxygen concentration ra t io  a t  the anode and cathode can 

be held constant and the  c e l l  potential is 0,8 volts. Thus, there is con- 

siderable energy available from a fue l  c e l l  aperating e 

i n  a high Fe+2 content magma. 

For Hawaiian thoeletic b a s a t  with - 10 

Assuming; tha t  m w a  bas 

Alternatively, the heat of reaction can be used t o  r d s e  the 

ation i s  achieved. 

*- ' 

However, the pract ical i ty  of the fue l  c e l l  
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as a primary energy source i n  a magma tap project depends upon power 

density achieved. 

As mentioned previously, the c e l l  design presented i n  th i s  report i s  

not compatible with long term exposure t o  magma environments. 

ce l l s  may have t o  be arranged i n  ser ies  fo r  large power densit ies t o  be 

achieved. 

any arrangement of ce l l s  i n  ser ies  m u s t  provide e lec t r ica l  insulation 

between cells.  

electrodes, which come i n  contact with the m-a, with a thin layer of a 

porous insulator. 

I n  addition, 

However, because the magma has a high e lec t r ica l  conductivity, 

Apossible method o f  accomplishing th i s  i s  t o  coat the fue l  

The pore s i z e  would have t o  be of such a magnitude that  

oxygen diffuses out without the viscous ma%ma diffusing inward appreciably 

during the l i f e  of the fue l  cel l .  T h i s  task i s  made more d i f f i cu l t  by the 

high pressure exerted by the magma a t  depth, This problem must be solved 

i f  ce l l s  are t o  be placed i n  ser ies  i n  the conducting magma medium.  

Construction could be patterned after the Westinghouse high- 

temperature fue l  c e l l  designed for  oxidizing water-gas fue l  produced 

i n  the gasification of coal. This device i s  t e m e d t h e  thin-film 

fuel-cell  b a t t e ~ . ~  A similar design fo r  magma fue l  ce l l s  

arranged i n  ser ies  i s  given i n  Fig, 3. 

a porous Al 0 

fuel-  c e l l  components have been applied. Extensive research at  Westinghouse 

has indicated the applicabili ty of a number of materials as fue l  c e l l  

components? Some of these will be mentioned here. 

Air or oxygen is  passed through 

supporting substrate upon w h i c h  th in  layers of the various 2 3  

The air ezectrode 

(see Fig. 3) m u s t  be able t o  withstand the high temperatures and oxidizing 

atmosphere encountered. Electronically conducting cermets such as Sn, Sb, 

o r  Te doped indium oxide and Sb o r  Te  doped stannic oxide have shown great 

promise. Of course, the electrolyte will be a th in  layer of a solid- 

10 



L J  electrolyte material which i s  an oxygen ion conductor with calcia  or  y-ttria- 
I 

s tabi l ized zirconia being the more probable candidates. Cobalt-zirconia, 

nickel-zirconia, and vanadium oxides have been shown t o  form good, porous 

electrode material a t  high temperatures fo r  the fue l  electrode. 

interconnecting material of high conductivity and compatible with both air  

and high-temperature environments i s  required t o  form the connection between 

the electrodes o,f each c e l l  i n  ser ies ,  

been used at Westinghouse. 

the ce l l s  i n  thq high-c,onductivity magma and.to protect electrode and 

electrolyte components from the corrosive magma environment, the en t i re  

outside. surface of the battery must be coated. with a porous, magma res i s tan t  

and e lec t r ica l ly  insulating material; Other fuel-cel l  designs are no 

A n  

Conducting oxides such as CoCr20b have 

Finally, i n  order t o  prevent shorting out of 

doubt poss'lble and the one presented i n  Fig, 3 i s  given as only one 

reasonable second-generation magma fuel- c e l l  construction. 

The maQma fuel c e U  has a number of new and unique uses and advantages. 

First, if -the power densities were great enough, it could serve as a 

pfimasy energy so'iucae wi%h the direct  conversion of chemical t o  e lec t r ica l  

energy replacing th6 - re lat ively ineff ic ient  thermal t o  e l ec t r i ca l  energy 

conversion; 

an auxiliary method o f  energy extraction from the magma. 

accomplished i n  several wayp. 

and y le ld  both electrochemical and additional thermal energy, 

using oxygen as both oxidizer and intermediate exchanger f lu id ,  as required 

by this type of design, may introduce additional exchanger materials 

Secondly, it could be used t o  supplement a heat exchanger as 

This could be 

The fuel ce l l  could surround the exchanger 

However, 

compatibility problems. 

beside the heat-exchanger providing primarily thermal energy t o  the 

system from the oxidation of FeO. 

Alternatively, the fue l  c e l l  could be placed 

This additional heat could be extracted 

11 



by the heat exchanger, o r  be u s e d t o  increase o r  control convection 

currents i n  the magma as well as prevent the sol idif icat ion of magxna 

around the fue l  c e l l  and, if  desireable, the heat exchanger. Thus, the 

additional heat produced could be used i n  a variety of ways t o  increase 

the ra te  and efficiency of energy extraction from magma. 

surface subsidence caused upon cooling the magma with a heat exchanger 

I n  addition, i f  

proved t o  be a problem, then the thermal energy produced i n  fuel-cel l  

oxidation o r  direct  oxi8ation of the m w a  could be used t o  keep the 

average temperature of the magma relat ively constant. 

increased oxygen ac t iv i ty  on the magmatic gases would, however, have t o  be 

evaluated.' Finally, the e lec t r ica l  energy derived from the fue l  c e l l  

The effects of 

could be used t o  cathodically or  possibly anodically protect the materials 

used i n  a heat exchanger. 

exchanger f d l s  and molten m a p p a  comes i n  direct  contact with the heat 

This i s  especially important, i f  the heat 

exchanger. 

I n  conclusion, the m-a fue l  c e l l  has a variety of potent ia l  uses 

and advantages i n  a magma tap project. 

has yet t o  be demonstrated. 

densities possible i n  order t o  determine the ultimate f a t e  of the fue l  

c e l l  i n  any magma tap process. 

Its relat ive pract ical i ty ,  however, 

Work is continuing t o  define maxhm power 
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TABLE I 

Bulk Composition of Hawaiian Lava 
In Weight $ 

Ti02 

FeO 

Tholeiitic Basalt 

53.9 

2.5 

11.6 

11.2 

Mno ' 

Mgo 

CaO 

Na20 

K20 . 

0.2 

7.3 

10.3 

2*9 

0.2 



TO CURRENT - VOLTAGE 
ANALYSIS CIRCUIT 
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Figure 1. Fuel Cell Developed for Testing the Feasibility 
of  Using Magma as a F'uel. 
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Figure 2. Typica& Current-Voltage and Current-Power Characteristics 
of the Magma Fuel Cell Shown in Figure 1. 
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Figure 3. Thin-Film Fuel-Cell Battery Patterned after . 
the Westinghouse Fuel Cell Design (Ref. 9). 
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