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Abstract 
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A computer model for the LiAl/FeS molten-salt battery system 
x 

(prismatic geometry), which uses input data from experimental test 

cells, is presented. Optimizations of the negative-to-positive capa-

city ratio and the number of electrodes per cell are considered. The 

LiAl/FeS, LiAl/~es2 (two-plateau operation), and LiAl/FeS 2 (upper-

plateau operation) battery systems are compared. (Upper-plateau 

operation refers to the discharge of FeS
2 

to Li
2

FeS
2

,. and two-plateau 

operation refers to complete discharge to Fe and Li
2
S.) While the 

specific energies are similar for all three systems, the specific 

power near the end of discharge is highest for the upper-plateau FeS
2 

system. 

Key words: Modeling, design, high-temperature battery, current 

collector. 

1 
Present address: Setpoint, Inc., 14701 St. ~ary's Lane, Houston, 

Texas 77079-2995. 
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Introduction 

The development of LiAl/FeS and LiAl/FeS
2 

secondary, molten-salt 

batteries is desirable because they offer the prospect of high 

specific energy and high specific power. Possible applications of 

these batteries include electric vehicle propulsion and load leveling. 

Extensive research and development have been directed towards 

Li(Alloy)/FeS batteries following their conception in 1973 [1]. Berx 

nardi [2] has reviewed thermodynamic, kinetic, and physical data for 

the LiAl, FeS, and FeS
2 

electrodes. A summary of a large development 

program for the LiAl/FeS cell at Argonne National Laboratory has been 

presented by Gay et a1. [1]. Kaun et a1. [3] have discussed recent 

advances in LiAl/FeS and LiAl/FeS
2 

battery development. 

The LiAl/FeS and LiAl/FeS
2 

systems were an outgrowth of an 

attempt to design a battery based on the highly energetic Li/S couple 

[1]. Problems associated with the Li/S battery included volatility 

and solubility of active materials, corrosion of cell components, and 

the need to contain the liquid lithium electrode. To help alleviate 

these problems, the a-f3 LiAl alloy negative and FeS positive elec-

trodes were developed. The FeS
2 

electrode, which was developed later, 

provides a higher voltage alternative to the FeS electrode but suffers 

from corrosion problems due to increased sulfur activity [2]. The 

only material found to be suitable for the current collector of the 

FeS 2 electrode is molybdenum; researchers have been searching for 

other alternatives (4]. Low-carbon steel is well suited for use as 

the current collector material for the negative electrode [14]. Elec-

trodes with alternative alloy compositions and electrodes that contain 

.. 
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additives have been continuing subj ects of research for the positive 

electrode [5], [6] and the negative electrode [7]. 

Molten-salts of various compositions have been used as electro-

lytes in these systems. Most of the development work on the FeS elec-
: .. 

trode has been concentrated on its behavior in LiCl-KCl electrolyte at 

temperatures between 400 and 500°C [2]. The eutectic composition of 

this mixture is 58 mol% LiCl (m.p. 352°C) [7]. In addition to non-

eutectic compositions of this mixture, ternary mixtures have been 

studied for use with both FeS and FeS
2 

cells [1], [7]. For example, 

Kaun [6] successfully used 25 molt LiCl, 37 molt LiBr, 38 molt KBr 

(m.p. 310°C) for a LiAl/FeS
2 

cell. The liquidus of Kaun's electrolyte 

--
range of 1.25 to 2.6 as opposed to a range of 

1. 25 to 1. 81 for LiCl-KC1. The broader liquidus tends to avoid salt 

crystallization [6]. 

Separators for these cells are usually constructed of magnesium 

oxide (MgO) or boron nitride (BN). Researchers continue to explore 

options for separator materials and wetting procedures. 

This work is an extension of work done by Trost on the LiAl/FeS 

cell [8], [9]. Trost presented a computer program, which is a prede-

cessor to the one developed for this work, with which he showed how to 

optimize the design specifications for several cell components: the 

current collector grid weight, the current collector grid area, and 

the interconnecting bus and post weights. This optimization consists 

of determining the design specifications such that a desired combina-

tion of specific energy and specific power is achieved. 
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Tiedemann and Newman presented a battery model that described the 

transient behavior of a lead-acid cell (10) and a current collector 

grid model that showed the competing effects of electrochemical and 

electronic voltage losses (11). 

Gu et al. [12] combined simple experiments with mathematical 

models to identify important voltage losses in batteries. They were 

able to apply this approach to improve battery power density. 

The modeling and optimization approach used in this work will be 

described in the following two sections. We show how, by using this 

approach, one can optimize the number of electrodes in a battery and 

the negative-to-positive capacity ratio. In addition we compare three 

different battery systems with equal capacities by first choosing a 

p~rticular battery design and then optimizing this design for each 

system. 

Input Data and Curve Fitting 

Experimental data from small test cells were used to characterize 

the electrochemical behavior of the cells. The test cells were con

structed with heavy current collectors and terminals so that the 

current densities across the electrode faces would be uniform and the 

voltage losses due to cell hardware would be negligible. 

Apparent open-circuit potentials and area-specific-resistance 

values for each electrode were collected as a function of depth of 

discharge (DOD). The apparent open-circuit potential of the cell 

(U
ce11

) is the voltage difference between the terminals of the cell 

measured at a given length of time after a current interruption. The 
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length of time after current interruption was 15 seconds for all the 

data used in this work. A reference electrode placed at the half 

thickness of the separator was used to divide the apparent open-

circuit potential of the cell into values associated with the positive 

and negative electrodes. Thus, 

U 11 = U - U . ce + -
(1) 

The area-specific resistance of the cell is defined by, 

u -v 
ASR 

_ cell cell 
cell i 

(2) 

where ASRcell 
2 

is in a·cm , 

the cell (volts), and i is 

V cell is the closed-circuit potential of 

the current density (A/cm
2
). The current 

density and ASR values are based on separator area. The ASRcell is 

sometimes called the apparent electrochemical impedance by some 

researchers [13]. Using the reference electrode, the ASR values were 

split into values associated with each electrode. The area-specific 

resistance is a strong function of depth of discharge and current 

interruption time; however, it is almost independent of current den-

sity for the lower current range (0 to 
2 

200 rnA/cm ) [13], (14). 

In the following discussion the electrode potentials are given 

versus an a-~ LiAl reference electrode. Each of the ASR values 

includes one-half of the separator resistance .. 

The data used for the LiAl electrode were collected from a 

LiAl/FeS test-bicell by S. Higuchi, F. J. Martino, A. S. Clave ria , 

and W. E. Moore (15). Figures 1 and 2 give the curve fits of the 

data; at full charge (0% DOD) the alloy contained 50 atomic percent 

Li, and it would have become pure Ai if it had been fully discharged. 
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Figure 1. LiAl Electrode Potentials. The solid line is the curve fit. 

The dashed line represents an extrapolation beyond experimental data 

(reference 15, p. 71). 
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Figure 2. LiAI Area-Specific-Resistance Values. The solid_line is the 

curve fit. The dashed line represents an extrapolation beyond experi-

mental data (reference 15, p. 71). 
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The data were extrapolated, as shown by the dashed lines, so that the 

cell voltage would drop dramatically at 85% DOD. This DOD is con-

sidered to be complete utilization of the available Li because the Q 

phase of the LiAl alloy extends to about 7 to 10 percent Li [16]. In 

the past, researchers have plotted U_ and ASR values as a function of 

utilization of the positive capacity (the limiting capacity in the 

cell). We have chosen to plot the data versus utilization of negative 

capacity in order to facilitate comparison of various experiments. 

The data for the FeS electrode were obtained from the same 

'LiAl/FeS prismatic bicell as the data that were used for the LiAl 

electrode. The curve fit was described by Newman et al. [15]. 

The dashed line in figure 3 gives the theoretical-open-circuit 

potential of the FeS
2 

electrode as a function of depth of discharge 

[2] . The segment of the curve from 50% DOD (Li
2

FeS
2

) to 100% DOD 

(pure Fe and Li
2

S) is called the lower plateau; the rest of the curve 

is the upper plateau. The data shown in figures 3 and 4 corne from 

cells that were designed to operate on both the upper and lower pla

teaus (called two-plateau or 2-P operation). The data in figure 3 and 

the data represented by circles in figure 4 were collected from a 

sealed, compact, prismatic monocell [17]. It can be seen from figure 

3 that there are definite differences between sets of experimental 

data. These differences, coupled with the extrapolations given in 

figures 1 and 2, cause uncertainties in predicting the electrochemical 

behavior of the cells. These uncertainties, which cast doubt upon the 

exact energy and power values obtained from the model; do not affect 

the conclusions of this work. The data reached the lower placeau at 
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about 45% DOD instead of 50%. This could be attributed to material in 

the electrode bed reacting at different rates , to some parts of the 

electrode not reacting at all, or to another cause of capacity loss. 

The curve was extrapolated (dotted line) using the curve fit for the 

FeS electrode (since Li
2

FeS
2 

::::; Li
2

S + FeS) shifted by 5% DOD. This 

extrapolation is prone to error because the FeS data were taken from a 

different experiment with, among other things, a different positive 

loading density. 

The diamonds in figure 4 correspond to data published by Redey et 

al. [13]. This set of data was chosen for the ASR curve fit because 

it comes from more recent experiments. The differences between the 

sets of data do not have a large impact on the modeled cell behavior 

2 
because the current densities in the cell are small (i ::::; 100 rnA/cm ). 

Once again the data were extrapolated using the FeS curve fit. 

Redey et al. [13] gave closed-circuit voltage curves instead of U 

curves. Figures 3 and 4 were combined to calculate the closed-circuit 

voltage using equation (2). The resulting curve matched the curve in 

figure 1 of reference [13]. 

Figure 5 shows the curve fit of ASR data collected from Kaun's 

upper-plateau (U-P) LiAl/FeS
2 

cell [18]. The major difference between 

the FeS
2 

electrode used in Kaun's LiAljU-P FeS
2 

and the FeS
2 

electrode 

in the two-plateau monocell was 

had a density of 1.1 Ah/cm3 while 

die loading density. The 2-P cell 

3 
Kaun's cell had 2.4 Ah/cm. It was 

possible to increase the density of the FeS
2 

electrode for upper

plateau operation because of the high density of the discharge product 

(Li
2

FeS
2

) (7]. Kaun's cell was designed for a cutoff voltage of l.25 
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Figure 5. LU1/Upper-plateau FeS
2 

Cell Resistances. The curve fit 

stops at 48 percent DOD because the battery is never run beyond this 

point (data from reference 28). 
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volts versus a-~ LiAI [3], [6]; therefore, our model was never pushed 

past 48% depth of discharge. 

Closed-circuit potential data for a current density of 50 mA/cm
2 

were given by Kaun [3]. The corresponding apparent-open-circuit 

potentials of the cell were calculated from these data using figure 5. 

The data points in figure 6 were backed-out from these U cell values 

us ing figure 1. 

The positive-ASR values were calculated by subtracting the 

negative-ASR values found in figure 2 from the values found in figure 

5. The U-P FeS
2 

and 2-P FeS
2 

closed-circuit potential curves at i=lOO 

mA/cm
2 

calculated from the curve fits given above were very similar: 

Optimization Procedure 

The cells considered in this work had alternating positive and 

negative electrodes. There were negative electrodes with one-half the 

normal thickness at the ends of the electrode stack. The ions that 

react in each positive half-electrode were imagined to have been tran-

sported from the separator that it faced, and each negative half-

electrode discharged ions into its bordering separator. Thus, each 

positive electrode was associated with the two negative half elec-

trodes on either side of it. 

The quantities that were optimized were specific energy and 

specific power. These quantities can be calculated as follows: 

(3) 
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(Ucell-IR) dx , (4) 

where P is the specific power (W/kg), E is the specific energy (J/kg), 

R is the internal resistance of the cell (0), I is current delivered 

(A), Q is the total capacity (C), W is the cell weight (kg). It has 

been assumed that the current-potential curve for the cell is a 

straight line and that, therefore, the maximum power available from 

the cell can be characterized by the apparent open-circuit potential 

and the internal resistance. The apparent-open-circuit potential in 

these equations was given by the input data. The resistance was ca1-

cu1ated from a combination of experimental ASR values and a mathemati-

cal model of the current collector grid, bus, and post resistances. 

Two common current-collector designs for prismatic cells are 

~heet current collectors and grid current collectors. Trost presented 

a correlation between dimensionless electrode-plate conductance and 

dimensionless plate area for a current-collector grid [8], [9]. This 

correlation, which contains the experimental ASR as a parameter, was 

used in our model to approximate the- combination of grid resistances 

and electrochemical resistances. 

The correlation predicts the resistance due to the cell e1ectro-

chemistry and the current collector grids. The interconnecting bus 

. 
and post resistance also contributed to the overall cell resistance, 

and this was taken into account in our calculations. 

Our computer program consisted of three basic parts. The first 

part incorporated the subroutines that contained the curve fits of the 

experimental data. This part also included a subroutine \vhich used 
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the correlation given by Trost to calculate the combined electrochemi-

cal and grid resistances. The second part contained the input state-

ments for battery design parameters (number of electrodes, capacities, 

etc.) . These parameters were then used to size the battery and to 

calculate the weights of the various battery components. Trost [8] 

presented equations for calculating the optimum bus and post weights 

so that maximum specific power halfway through discharge would be 

achieved, so that specific energy would be maximized, or so that the 

resulting power to energy ratio would be equal to some compromise 

ratio. These optimum bus and post weights were used to calculate the 

specific energy and specific power of the battery in the third part of 
.... 

the program. 

The program Can be used to examine the effect that changing a 

design parameter has on specific energy and specific power. Optimum 

values of various design parameters can be found in this manner. 

Results and Discussion 

The negative-to-positive capacity ratio can be optimized because 

a trade-off exists between potential and weight. The potential of the 

LiAl negative increases with added utilization (see figure 1); there-

fore, the battery voltage at a given percent of positive utilization 

is increased if the capacity ratio is increased. The higher-voltage 

advantage gained by adding negative active material is accompanied by 

an increase in the battery weight. In addition to the added weight of 

active material there is a weight gain caused by the increased volume 

of the negative electrode (e.g., heavier current collector). 
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In the past, when LiAl electrodes were cold-pressed, it was 

necessary to have at least a 1.3 negative-to-positive capa'city ratio 

because the rate of capacity decline of the LiAl electrode increased 

significantly at utilizations beyond 65 p'ercent of the theoretical 

capacity [1]. More recently, LiAl electrodes fabricated by a slurry 

method have demonstrated stable operation at utilizations approaching 

80 percent [3]. These slurry-formed electrodes have permitted the 

development of Li-limited LiAl/FeS batteries. 

A model based loosely on a multiplate-cell design developed by 

Gould, Inc. [14], [19], was used to examine the effect of capacity 

ratio on LiAl/FeS battery performance. In this design the electrodes 

were contained within a "picture frame" assembly. Our model of this 

"picture frame" consisted of a 0.01 cm thick metal strip (Fe for posi

tive and 1008 steel for negative) that surrounded the perimeter of the 

electrode and held a screen (55% open area) on each face of the elec

trode. The weight of material required for this electrode enclosure 

was considered to be the minimum current-collector weight. In a 

separate optimization of current-collector weight, it was determined 

that this minimum weight was heavier than the weights required for 

maximum specific energy and power. Therefore, the current collector 

weight was set equal to this minimum. In the cell design, strips of 

felt were placed at the base and sides of the cell container to 

prevent short circuiting. The weights of these strips were neglected 

in the model. 

The positive-electrode thickness was 0.35 cm. The computer pro

gram adjusted the electrode area so that 30 Ah were delivered in four 
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hours. Various capacity ratios were achieved by varying the 

negative-electrode thickness (0.54 cm to 0.67 cm), and the effect of 

electrode thickness on the negative ASR values was ignored. The bus 

and post resistances were also ignored. This model was employed to 

demonstrate how our method can be used to optimize batteries; it was 

not based on the design of a battery that was being developed simul

taneously. 

Figure 7 shows results for the LiAl/FeS system. There is a max

imum in specific energy at 1.2 Ah of negative capacity per Ah of posi

tive capacity. 

Similar curves were obtained for the LiAl/2-P FeS
2 

and the 

LiAlfU-P FeS
2 

cells with the maximum specific energies at 1.1 and 0.7 

Ah neg./Ah pos. respectively. The models used for these cells were 

identical to the LiAl/FeS model except that the positive-current col-

lectors were made of molybdenum. The optimum-capacity ratio of the 

upper-plateau FeS
2 

cell was small because less than half the positive 

capacity was used during discharge. 

Having explored the effect of capacity ratio on cell performance, 

we were able to make comparisons between the LiAl/FeS, LiAl/2-P FeS
2

, 

and LiAlfU-P FeS
2 

systems. Table 1 gives a description of the three 

batteries that were optimized for maximum specific energy. In each 

case the energy per kilogram of positive active material was about 80 

percent of the theoretical value. The theoretical-energy per kilogram 

was calculated from equation (4) by setting R equal to zero, Q/W equal 

to the theoretical capacity per kilogram of positive active material, 

and DOD equal to one (FeS and 2-P FeS
2

) or one-half (U-P FeS
2
). 
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Table 1. Comparison of Various Optimized Battery Systems. 

LiAl/FeS LiAl/2-P FeS 2 LiAljU-P FeS2 

Cutoff Voltage 0.9 0.9 1.25 
(volts) 

Percent DOD 89 84 45 

Theoretical 
E/kg pos. 814 1267 760 
('W-hr/kg) 

Model 
E/kg pos. 652 997 617 
('W-hr/kg) 

Model 
Specific Energy 82 96 93 
('W-hr/kg) 

Model 
Specific Power 33 40 140 
at end of DOD 
('W/kg) 

.. 

Percent of 
total weight 12.5 9.7 15.1 
due to pos. 
active material 
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The specific energies calculated from the model do not correlate 

with the energies per kilogram of positive active material because the 

percent of the total weight due to the positive active material was 

different for each system. There were several reasons for the differ-

ence. The capacity ratio was different for each system (1.2 for FeS, 

1.1 for 2-P FeS
2

, and 0.7 for U-P FeS
2
). The loading density of the 

positive active material was also different for each system (1.4 

Ah/cm
3 

for FeS, 1.5 Ah/cm
3 

for 2-P, and 2.4 Ah/cm
3 

for U-P). The 

volume percent of electrolyte was higher for electrodes with smaller 

densities. In addition, the electrodes with smaller densities 

required more volume, and the additional volume resulted in a need for 

more cell-hardware mass (e.g., current-collector mass). 

The specific energies and specific powers predicted by our model 

were less than those achieved experimentally [3], because the cell 

design that we modeled was less effective than more recent designs. 

For example, Kaun [16] described a LiAl/FeS cell where the weight con-

tribution of the electrode materials was 36% of the cell weight, as 

opposed to 23% for our model. 

The advantage of using a LiAl/U-P FeS
2 

cell is demonstrated 

clearly in figure 8. The specific energies fall within an 18 W-hr/kg·. 

range, but specific powers (at 50% DOD) cover a 150 W/kg range. Table 

1 shows that the LiAl/U-P FeS
2 

cell has more than three times the 

power available at the end of its discharge cycle as the other two . 

The choice of the best battery system for a given application depends 

strongly upon the power requirements of the application. 
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points represent different negative-to-positive capacity ratios. Specific 

power is at 50 percent of the total discharge. 
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Economies of scale are important in load-leveling, where cells 

can have a total available energy on the order of 1 kW-hr [20]. As 

the cell size increases, one will want to consider how many electrodes 

to use. 

A model of a LiAljU-P FeS
2 

cell was used to examine the effects 

of capacity and the .number of electrodes on cell performance. The 

model was similar to the ones used previously, except that the bus and 

post resistances were included. The posts were made of iron and had a 

length of 2 cm. The busses were also constructed from iron, but the 

lengths varied according to the distances between the electrodes and 

the posts. The bus and post weights were optimized for maximum 

specific energy. 

Figure 9 presents results for various capacities and numbers of 

positive electrodes. For the range of capacities presented here, the 

specific energy and specific power increased with cell capacity 

because the active materials constituted a higher fraction of the 

overall weight. During an increase in capacity, the surface area and, 

hence, the cell-can weight increased more slowly than the weight of 

active materials. The current-collector weight was increased with 

electrode capacity so that IR drop was not an important factor. 

The optimum number of positive electrodes (Npos) increased with 

cell capacity. This was the result of several factors acting simul-

taneously. The bus resistances increased with N because of their 
pos 

area decreased as N increased, 
pos 

increased length. The plate and 

this decrease in plate area caused the grid resistance to decrease. 

The c'an weight was a function of S 
pos 
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{ 
2At } 

CANWT = (p ) (L ) -N- + 4LJA N , 
can c t pas 

pas 
(5) 

2 
where At is the total area of all the positive electrodes (cm ), Lc is 

the thickness of the can (cm) , p is the density of the can material 
can 

3 
(g/cm ), and L is the total thickness of one positive electrode, one 

negative electrode, and two separators (cm). The can weight went 

through a minimum as N increased; the minimum was at larger values 
pas 

of N for larger total electrode areas (i. e., capacities). 
pas 

These 

three factors, acting simultaneously, resulted in an optimum Npas ' 

which increased with increasing capacity. The optimum N would be 
pas 

even higher at large capacities if it were not necessary to increase 

the bus length as N increased. 
pas 

Conclusions 

The approach presented in this paper allows one to examine the 

trade-off between specific energy and specific power for different 

capacity ratios. The negative capacity should be matched with the 

positive capacity so that the desired performance is achieved. 

The theoretical energy per gram of positive active material of 

LiAl/2-P FeS
2 

is much greater than LiAl/FeS or LiAljU-P FeS
2

. How

ever,' the practical specific energies are all very close (within 15%). 

The LiAljU-P FeS
2 

cell has much better power characteristics than 

the other two cells. 

The model can be used to optimize the number of positive elec-

trodes for a given cell capacity. The optimum N increases Hith 
pas 

increasing cell capacity for the cell design used in this paper. 
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The cell optimizations that have been considered in this work are 

not independent. Materials of construction and ease of fabrication 

also need to be considered in battery design. Despite these limita-

tions, this approach provides a battery designer with the ability to 

explore various design alternatives and screen potential systems 

before actually constructing a scaled-up battery. 
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