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ABSTRACT

the suitability of modified thermal-battery

power source for geothermal borehole

focussed on the LiSi/FeSz couple over a
temperature range of 35@C to 4000C with the LiBr-K.Br-LiF eutectic,
which melts at 324. 5*C. In this work, the discharge processes that take
place in LiSi/CsBr-LiBr-KBr eutectic/FeS2 thermal cells were studied at
temperatures between 25UC and 400”C using pelletized cells with
immobilized electrolyte. The CsBr-LiBr-KBr eutectic was selected
because of its lower melting point (228. 5“C). Incorporation of a quasi-
reference electrode allowed the determination of the relative contribution
of each electrode to the overall cell polarization. The results of single-cell
tests and limited battery tests are presented, along with preliminary data for
battery stacks tested in a simulated geothermal borehole environment.

INTRODUCTION

The current Li/SOC12 technology that is used for powering geothermal borehole
instrumentation is limited to 180°C. This necessitates the use of expensive dewars to
protect instrumentation and the batteries while in the borehole, since temperatures there
can be over 300”C. This is well below the normal operating temperature of conventional
thermal batteries which use electrolytes that melt between 352°C (e.g., LiC1-KCl eutectic)
and 436°C (LiC1-LiBr-LiF electrolyte).

.
The current Li-alloy/metal disulfide (e.g., FeS2) technology used in conventional

thermal batteries should be equally applicable with alternative lower-melting electrolytes.
If a suitable electrolyte could be found, the batteries would require little or no insulation
for operation and would depend on the surrounding environment for the necessary heat to
maintain the electrolyte molten. A pyrotechnic heat source may still be needed, however,
to bring the battery stack to operating temperature. Electronics that will operate at 300”C
now exist, so there is an increasing impetus to develop the required battery technology to
provide the necessary power.

One way to keep the battery stack hot involves supplemental heating, using an
internal heater powered by the main battery. We tried this approach and found it to be
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deficient. The heater requirements were much greater than that of the primary load, and
once the battery stack started to cool, power output dropped rapidly. The use of a lower-
melting electrolyte appears to be a more fmitfid approach.

In earlier work, we reported on the results of single-cell tests with the LiSi/FeSz

couple and the Li13r-KBr-LiF eutectic at 350°C and 400”C (1). This electrolyte melts at
324.5”C. The performance of that system was very temperature dependent. The
sustainable current density at 400°C was better than 125 mA/cm2 but this dropped to less
than half of that at 350”C.

While the melting point of this electrolyte is lower than that of the standard LiC1-KCl
eutectic, it is still too high for other envisioned borehole applications, where operating
temperatures could be as low as 250°C. While there are other halide-based electrolytes
with lower melting points, such as the tetrachloroalurninates, many are not

thermodynamically stable in contact with high-activity Li alloys. For that reason we
turned to the CsBr-LiBr-KBr eutectic that melts at 228, 5°C [as determined by differential
scanning calorimet~)(DSC)].

In this paper, we report on the pefiormance of the LiSi/FeS2 couple in the CsBr-LiBr-
KBr eutectic. The bulk of the work was conducted with single cells discharged over a
range of current densities at temperatures from 400”C to as low as 250°C, with the focus
on the lower temperatures. The rechargeability of the system was also noted,

EXPERIMENTAL

Materials

The CsBr-LiBr-KBr eutectic electrolyte was made by fbsing the required quantities of
vacuum-dried Reagent-grade components together (42. 75°/0, 39. 08°/0, and 18. 10°/0,
receptively)l and in a quartz crucible at 600”C for three hours, followed by quenching and

grinding. The separator mix was prepared by biending the electrolyte powder with 30%
MgO (Merck Maglite ‘S’), and then fixsing at 4000C for 16 hours. The catholyte was
prepared by blending 75% purified FeSz (American Mineral, –325 mesh) and 25%
separator. The purity of the FeS2 pyrite was better than 98. 5°/0, with the main impurities
being gangue material (e.g., siliceous minerals). The anodes were pressed from an anolyte
made with 750/0 Li-Si anode powder (Eagle Picher, 44°/0 Li/56°/0 Si, –1 00+325 mesh) and
25?40electrolyte. All preparations, processing, and handling operations with materials and
parts were conducted in a d~ room maintained at <3Y0 relative humidity.

Testing of Single Cells and 5-Cell Batteries

The anode, cathode, and separator mixes were cold pressed into 1.25” (3 1.8-mm)-
diameter pellets to -75’ZOof theoretical density. The mass of the Li-Si anode was 0.93 g
and that of the cathode was 1.03 g. The separator masses were 1.00 g for the standard

‘ Unlessotherwisenoted, all compositions are reported at weight percent.
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cells and 2.0 g for cells with reference-electrodes. The quasi-reference electrode was a

0.0025’’-thick x 3-mm wide Mo foil inserted between two split separator pellets. Single
cells were discharged under constant current under computer control at temperatures of
250”C to 4000C between heated platens in a glovebox under an atmosphere of high-purity

argon (<1 ppm each of water and oxygen) and an applied pressure of 8 psig (55.2 lcpa).
Steady-state loads of 60 mA to 250 mA (7.6 to 31.6 rnA/cm2, respectively) were used.
The loads were doubled for 1 s every 30 s or 60 s, to measure the cell polarization during
discharge. The cell discharge was terminated when the voltage dropped below 1.25 V.
For testing of 5-cell batteries, a reusable test fixture with an “O’-ring seal was used to
avoid contact of the active battery stack with ambient moisture. The pyrotechnic (“heat”)
pellet used was 88’%oFe/12’?4 KC104 at a heat balance of 92 callg of total cell mass
(including the heat pellet). Several tests were also earned out with battery stacks in a
special test fixture heated in a fimnace, to simulate a borehole environment.

RESULTS AND DISCUSSION

Single-Cell Tests

The effects of temperature on the discharge of single cells at a load of 250 mA (3 1.6
mA/cm2) are summarized in Figure 1. The voltage transition at 40@’C is associated with
the cathode and is reflected in the peak in the cell polarization (resistance). This same
behavior was observed previously with the LiSi/LiBr-KBr-LiF/FeSz system and is due to
the higher resistance of the first discharge phase, LisFe& relative to that of FeSz (2).
[Tests with a Mo quasi-reference showed that the majority of the cell polarization was
cathode related, due to the increase in resistance of the discharge phases (3,4).] This
voltage transition is not evident in the tests at the lower temperatures, where parallel
discharge processes took place, rather then clearly defined sequential ones.

The discharge capacity decreased with decrease in temperature, while the cell
polarization increased. At 400”C, the bulk of the polarization losses was ohmic in nature,
ranging from 80-85°/0 of the total for most of the discharge time (>3 ,000 s). Near the end
of life, this dropped to 60°/0 as concentration polarization increased. At 3500C, the ohrric
polarization decreased to 76-79!40 during discharge, while at 300°C, this decreased firther
to 70-730A. The bulk of the ohmic contribution was due to the high resistivity of the
separator. As the discharge temperature was decreased, concentration polarization
became increasingly more important. When the cells were placed on open circuit for 10
rnin or more, the discharge could be continued if the discharge current was cut in half.
The open-circuit period allowed relaxation of the large Li+ concentration gradients that
developed during discharge. The anode processes dominated the cell at the end of life.

The relative performance at 350”C of the LiSi/’FeS2 system in the LiBr-KBr-LiF
eutectic (1) and the CsBr-LiBr-KBr eutectic is shown in Figure 2. The initial voltage and
polarization were comparable for the two cells. However, later in life, the cell voltage was
slightly higher and the polarization was somewhat lower than for the cells with the CsBr-
LiBr-KBr eutectic. This was somewhat surprising, considering that the resistivity of the
latter electrolyte is higher. [At3500C, for example, the resistivity of the- separator with the



CsBr-LiBr-KBr eutectic (with 30V0 MgO) is 14.4 ohm-cm, while that of the separator
— with the LiBr-KBr-LiF eutectic (with 25% MgO) is only 1.9 ohm-cm (4). ] The cell with

the CsBr-LiBr-KBr eutectic, however, showed a higher proportion of concentration
polarization during the pulses.

The effect of load on the discharge of the LiSi/CsBr-LiBr-KBr/FeSz cells at 300”C is
shown in Figure 3 for loads of 125 mA (15.8 mA/cm2) and 250 mA (31.6 mA/cm2). The
rapid fall-off in voltage at the higher current density was accompanied by a corresponding
rapid increase in polarization (resistance). Thus, this system can safely sustain current

densities only in the neighborhood of 16 mA/cm2 at this temperature.

Workers at Argonne National Laboratories have shown that the Li-alloy/FeSz system
is a suitable couple for use in high-temperature rechargeable batteries with molten salts at
a temperature of 450”C (5). However, FeSz is not reversible when used in ambient-
temperature batteries (6). At some intermediate temperature, the reversibility becomes
viable, but this temperature is not defined at this time. As shown in Figure 4, preliminary
tests at 15.8 rnA/cm2 indicate that the FeSz is at least partially rechargeable at 300”C. The
fill original capacity was not realized when charging was carried out at this current
density. Consequently, the second discharge was much more limited, relative ~o the initial
one. Recharging at a lower current density might improve the performance, however.
More work is needed to study the reversibility and to identifi the phases that result on
recharge.

It was desirable to be able to discharge the LiSi/FeSz cells at temperatures as low as
25UC at a current density of 16 mA/cm2. The discharge performance at 25@C is
compared to that at 3000C in Figure 5 at this current density. The decrease in life at the
lower temperature was dramatic, dropping to only 17 min vs. 80 min at 3000C. The
corresponding polarization increased dramatically, as the temperature was only slightly
more than 21 “C above the melting point of the electrolyte. This greatly aggravated the Li”
concentration gradients that resulted during discharge. Concentration polarization at the
beginning of discharge became increasingly important at the lower temperatures relative to
ohmic losses. At the end of discharge, however, the polarization was almost entirely
ohmic, as a result of the localized increase in the melting point of the electrolyte under
these conditions. Thus, the LiSi/CsBr-LiBr-K.BriFeS2 system cannot sustain a continuous
load of 15.8 mMcm2 at 250°C. Complementa~ tests indicated, however, that a current
density of about half this (about 8 rnA/cm2) could be sustained at this temperature. Cells
that were terminated after discharge under a 125-mA load could be further discharged for
a comparable period of time when the current was reduced to 60 mA.

Simulated Geothermal Battery Tests

The results of single-cell tests at 250”C and 3000C were extended to include a 10-cell
battery stack. Batteries were built using a reusable fixture but without a hermetic seal, for
ease of construction and use. A photograph of the test fixture is shown in Figure 6. The
assembled unit was tested in a glovebox under high-purity argon. Single-cell data
indicated that lifetimes of over an hour could be expected for the nominal 1-g anode and
cathode pellets used for these tests at 15.8 mA/cm2 at 3O@C (Figure 3) and -8 rnA/cm2 at
25@’C. The goal of at least a 10-h discharge time in the borehole mandated that the pellet
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masses be increased by a factor often. We have had no experience with the use of such
.- massive pellets. There was a concern that access to the rear of the pellets would be

impeded, resulting in a compositional gradient from the front to the rear of the pellets,
which could result in premature termination of the discharge.

The first test was conducted using a single 10-cell stack discharged at 3000C under a
148-ohm load (nominal 125 mA or 15.8 mA/cm2). (Equipment limitations at the time
prevented testing under constant-current conditions.) The results of that test are shown in
Figure 7. The program timed off overnight after 10 hours and had to be restarted the
following morning. Consequently, the relaxation of concentration gradients in the stack
allowed the battery stack to resume discharge at a much higher potential than at the time
of program termination. The extrapolated discharge time to a cutoff voltage of 10 V is
about 15 h, which is much greater than the hoped-for 10 hours. The second termination at
17.5 h was due to loss of the internal connection to the stack. The polarization for these
tests showed a rapid increase afler about 4 h during the first discharge. A similar rapid
increase in polarization occurred during resumption of discharge.

In the next test, two 5-cell batte~ stacks with ten-fold weight of anode and cathode
pellets were arranged mechanically in series but e.iectrically in parallel. The resistive load
was decreased to 74 ohms, which meant that each stack was carrying a nominal 62.5 mA
load, for a total of 125 mA. This reduced the current density per stack -to only 7.9
rnA/cm2. As seen in Figure 8, There was a steady drop in voltage during discharge, but
the batte~ was still above the 5-V cutoff voltage when the program unexpectedly
terminated after about 21 h. There was a concomitant increase in the cell polarization,
especially after about 4 h. As expected, the battery resistance was somewhat higher at
25(YC, relative to the battery run at 3000C, and the voltage per cell was slightly lower.
When compared to the single-cell data for the same temperature, the voltage per cell for
the batteries was similar at the start of discharge but decreased after about 201%0depth of
discharge, as the polarization began to increase rapidly. Cross-sectional examination of
the anode pellets showed that about two thirds of the pellet had reacted, which meant that
all of the intrinsic capacity was not used during the test.

These data indicate that the use of massive anode and cathode pellets for long-term
geothermal borehole use is feasible. Batteries based on the LiSi/CsBr-LiBr-KBr/FeS2
system can be designed to fbnction at 300”C at 16 mA/cm2 using a single stack and at
250”C at half that current density. It should be possible to design a system that supplies
over 10 V at 125 mA for field tests of over 24 h by the use of parallel stacks to share the
load.

5-Cell Batterv Tests

A limited number of 5-cell battery tests were carried out for batteries activated at
ambient temperature. The results of a typical battery discharge are shown in Fi=wre 9 for
a battery activated at 25°C and discharged under a constant-current load of 125 mA (16
mA/cm2). (The same size pellets were used for this test as for the single-cell tests.) In
contrast to the isothermal single-cell tests, the battery was functioning under a dynamic
thermal environment, as shown by the thermal profile. The performance under these
conditions was surprisingly good, -with a reasonably stable voltage being delivered for over
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23 min. The gradual increase in battery polarization is primarily due to the decrease in
- stack temperature during discharge. The sudden rise in battery resistance coincides with

the onset of freezing of the electrolyte. This is the normal termination mode for thermal

. ..

batteries in the majority of cases. Generally, the batteries cool below the electrolyte
melting point before all of the active electrochemistry is consumed. The larger Iiquidus
range of the CsBr-LiBr-KBr eutectic could make it a viable candidate for some limited
thermal-battery applications where the current density (load) is not excessive.

CONCLUSIONS

Single-cell tests with the LiSi/CsBr-LiBr-KBr/FeS2 system show that a current
density of 32 mA/cm2 can be readily sustained at a temperature of 4000C. However, there
is a significant decrease in the life of cells -when discharged at 350”C at this load. The
performance is inferior to that with the higher-melting LiBr-KBr-LiF eutectic when tested
under these same conditions. At 3000C, the sustainable current density drops to 16
mA/cm2 and at 250”C it is only 8 rnA/cm2. This strong temperature dependency is a result
of the much high. resistivity of the electrolyte, relative to the LiBr-KBr-LiF eutectic
studied previously. The bulk of the polarization is ohmic in nature and is a result of the
high resistivity of the separator. Concentration polarization becomes -increasingly
important at lower temperatures. The cathode electrode also contributes to the ohmic
losses because the higher resistivity of the first discharge phase, Li3Fe2SJ, relative to that
of pyrite. At the end of life, the discharge is dominated by anode processes.

Preliminary tests show that the LiSi/CsBr-LiBr-KBr/FeS2 system is at least partially
rechargeable at 300”C. However, more work is needed at additional temperatures and
rates, to verify the discharge products and the phases that are formed on recharge, before
the extent of reversibility can be filly defined.

Tests under simulated borehole conditions with 5-cell and 10-cell battery stacks using
massive (1O-fold-weight) anode and cathode pellets show that discharge times in excess of
24 hours are possible at temperatures as low as 250”C. If the load is shared by parallel
stacks, current densities of 8 mA/cm2 can be sustained under these conditions. This makes
this system a viable candidate for geothermal boreholes with temperatures of 250”C or
greater,

.

Limited 5-cell battery test show that the LiSi/CsBr-LiBr-KBr/FeS2 system would be
suitable for some limited thermal-battery applications where
not excessive (i.e., under 16 mA/cm2).
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