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I. Introduction 

Energy storage occupies an important position in the energy economy of 

the world. This position is becoming more important as the price of energy 

increases and its availability decreases. As the margin between rate of energy 

supply and energy demand narrows it becomes very important to have the 

means for energy storage. Any mismatch between the energy supply profile and 

the energy demand profile c~m be' compensated for by an appropriate energy 

storage system. This feature is particularly important for energy generators 

that must run at constant power, such as nuclear power plants, and variable 

energy supplies over which we have no control. such as solar energy and wind 

energy. Not only do energy storage systems provide a convenience by matching 

energy supply characteristics to energy demand but they offer the opportunity 

to conserve capital because energy-generating systems can then be sized to 

meet average loads rather than peak loads. A variety of energy storage systems 

has already been discussed earlier in this symposium. This paper is confined to 

a discussion of advanced electrochemical energy storage systems. 

An appreciation for the ways in which electrochemical energy storage sys-

terns carl provide benefits to the overall energy economy can be gained by con-

sideralion of Figure 1. This figure shows a flow diagram representing the 

energy economy of the United Slates in 1980. At the left are the inputs to the 

energy economy expressed in unils of millions of barrels of oil per day 
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equivalent. Almost one-third of all of the energy goes into the production of 

electricity. so it is very important that the generation and use of electricity be 

carried out as efficiently and effectively as possible. The least efficient generat­

ing equipment. which incidentally uses petroleum. is used for meeting peak 

electrical demand~ If this demand were met by an electrochemical energy 

storage system. then the need for petroleum would be reduced because the 

energy used to charge the batteries would be derived from non-petroleum 

sources. and would be generated during off-peak periods by such equipment 

such as nuclear power plants. This serves the purpose of reducing the capital 

investment in peaking equipment and leveling the load for base-load and 

in termedia te-Ioad generators. 

Another opportunity for the use of electrochemical energy storage systems 

in the energy economy can be identified by inspection of Fig~re 1 as it relates 

to the transportation sector of the energy economy. Note that about 95% of the 

energy demand for transportation is met by petroleum. If battery-powered 

electric vehicles could be developed. then their use would have the effect of 

shifting the energy demand for transportation away from petroleum and toward 

the primary sources used in generating electricity. such as coal. nuclear. and 

hydroelectric. 

In the sections to follow. the requirements of these two major potential 

applications for battery systems will be considered. and the state of develop­

ment of various electrochemical systems with regard to these applications will 

be presented and discussed. 

D. Requirements for Energy Storage Systems 

Some weekly load curves for an electric utility are shown in Figure 2. The 

low demand period amounts to 5 to 7 hours daily. and offers an opportunity to 

store energy in batteries. This means that the battery must be capable of 

f\.J 
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accepting a full charge of energy during those hours. The daytime and evening 

peak demand varies in duration from season to season. It may be as short as 2 

or 3 hours or as long as B to 10 hours. The battery must also be very efficient. 

and must deliver at least 70% of the energy that was used in charging it. For 

comparison. the efficiency of pumped hydroelectrical storage is between 65 and 

70%. Special applications. however. may permit somewhat lower efficiencies to 

be tolerated where other energy storage methods are not feasible. 

The cost of providing land and buildings for large batteries operating in a 

utility network dictate that the battery be compact enough to provide 80 kWh 

of energy storage per square meter of floor space. This corresponds to an 

energy density somewhat above 30 Wh per liter of battery system. The cost of 

storage of electrical energy depends upon the capital cost of the battery and 

its cycle life. A battery with a cycle life. of 2,000 would ,last about 10 years, 

assuming about 200 cycles per year. For this lifetime, a cost considerably 

below $lOO/kWh is needed, because this cost corresponds to 5¢/kWh of energy 

stored. In' special situations, costs even higher than SlOO/kWh of energy 

storage capability may be permitted because of the very high possible addi-

tional cost for providing additional peak power capability. Examples of such 

situations are providing additional power to large buildings in the center of 

congested cities and providing additional power to remote locations. 

A summary of the requirements for off-peak energy storage batteries is 

presented in Table 1,(1) which reflects the characteristics discussed above. No 

batteries that are presently available can meet all of the requirements shown in 

the table: The life and cost goals are most difficult to meet. Advanced lead-acid 

batteries may be the closest to meeting all of the requirements. In the United 

States, the BEST Facility is now operating using a lead-acid battery for its initial 

stages of testing. The next paper in this symposium will discuss that facility 
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and the results of the tests with lead-acid batteries. 

The performance, life, and cost requirements for electric vehicle batteries 

depend strongly on the application. In order to have a major impact on lhe 

transportation sector, it is necessary to concentrate on the application of bat-

teries to electric automobiles. Because of the fact that the balteries which are 

available now and which will be available in the near future have a relatively low 

specific energy, they will be able to provide vehicles with a range that is short 

compared to that of the gasoline-powered automobile. For this reason we will 

confine our altention to small urban automobiles. The pO'wer and energy 

requirements for a vehicle can be calculated in a straightforward manner, using 

the equations of motion of the vehicle and the velocity vs. time profile accord-

ing to which the vehicle will be ope!-"ated. Energy and power calculations have 

. been performed for a I metric ton (1000 kg) vehicle such as that shown in Fig-. . . 

ure 3, for a variety of velocity vs. time profiles. The results of the calculations 

show that the energy and power requirements for urban driving profiles fall 

within a relatively narrow range. As indic~ted in Table n(1) the energy required 

from the battery is in the range of 0.15 kWh/T-km. Peak power required for 

acceleration from 0-50 km/h in less than 10 seconds is about 35 kW IT of vehi-

cle mass. In contrast, the average power required for an urban driving profile is 

4-5 kW IT of vehicle mass. These power and energy requirements are rather 

independent of the aerodynamics of the vehicle because of the relatively low 

speeds involved. Therefore, these results are applicable to a wide range of vehi-

cle types operated according to urban driving profiles. 

Using the energy consumption figure of 0.15 kWh/T-km, Figure 4(1,2) has 

been prepared. This figure shows the urban driving range of an electric vehicle 

for various fractions of its mass allocated to batteries, with the parameter 

being the specific energy of the battery. For a vehicle with a driving range of 

." . -
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150 km and a maximum !Jattery fraction of 0.3, the required specific energy is 

almost 80 Wh/kg. For acceleration, the specific power required is 130 W /kg. 

Within a certain range, compromises can be made on initial battery cost 

and battery lifetime. There are upper limits of initial cost that should not be 

exceeded in the consumer marketplace. It is difficult to imagine an initial cost 

of more than $100/kWh being acceptable. For this initial cost it is expected 

that the cycle life of the battery should be at least 300 deep cycles and that the 

lifetime should be at at least 3 years. These requirements for the battery are 

summarized in Table III. 

m. Advanced Electrochemical Systems 

There are many types of electrochemical systems. Therefore, it is useful to 

group them into categories that have important features in common for simpli-

city of discussion. One useful classification scheme involves the type of electro-

lyte used and the cell operating temperature. This classification system and its 

application to the number of electrochemical cells is illustrated in Figure 5. 

The most common systems use aqueous electrolytes and operate at ambient 

temperature. No aqueous electrolyte systems are operated at high tempera-

ture because of the excessive pressures that would be encountered due to the 

high vapor pressure of water at elevated temperatures. Non-aqueous electro-

lytes are used in conjunclion with electrode materials that would react spon-

taneously with aqueous electrolytes, for example lithium and sodium, as shown 

in the table. The non-aqueous systems offer the advantage of very high specific 

energy, well above 100 Wh/kg as compared to significantly lower values for sys-

tems using aqueous electrolytes. None of the ambient-temperature non-

aqueous electrolyte cells has been developed as a rechargeable cell with any 

significant degree of success. Because of this. the only non-aqueous electrolyte 

cells considered here are those that operate at elevated temperature in the 
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range 350 to 475 0 C. In the discussion below. some examples of advanced elec-

lrochemical systems will be discussed and compared to the most widely used 

rechargeable baltery. lhe lead-acid baltery. 

The lead-acid cell is the most widely used and the most economical cell of 

all rechargeable cells. It has a specific energy typically in the range of 30-35 

Wh/kg. but recent improvements in cells designed for electric vehicle applica-

tions have resulted in specific energies of about 40 Wh/kg. In general. the 

specific power capabilities of lead-acid batteries have been low relative to the 

peak power needs of electric vehicles. Specific power values above about 100 

W/kg have been achieved using specially-designed current collectors for use in 

the fiat-plate cells. Cycle life has been extended by the simple means of adding 

an air-lift pump to each cell for circulation of the electrolyte. thereby avoidirig 

stratification. The use of calcium as an alloying agent in the current collectors 

has allowed the development of maintenance-free cells because of the reduced 

tendency loward gas evolution as compared to current collectors using Sb as 

an alloying agent. Success has been achieved in operating sealed cells in small 

sizes. however. this has not yet been feasible in large sizes. 

The life-limiting factors of current lead-acid cells relate predominantly to 

the positive electrode. Corrosion of the current collector remains a major 

failure mode. as does adhesion and cohesion of lhe lead oxide active material. 
v '. 

In spite of its shortcomings of low specific energy and high cost for some 

applicalions. lhe lead-acid cell has been put to more uses lhan any other lype 

of rechargeable cell. It has been used for energy storage in utility networks off 

and on for many years. Currently there is a major test of a baltery energy 

storage system that will be reviewed in the next paper. In addition. many types 

of electric vehicles have been operated with lead-acid batteries. Electric 
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automobiles using lead-acid batteries have demonstrated typical ranges of 

about 80 km between recharges. Some electric automobiles have demonstrated 

ranges in excess of 150 km of constant speed driving. with a battery fraction 

well above 0.3. Automobile manufacturers have regarded it as important to 

have an urban driving range of at least 150 km. The electric vehicle ranges 

offered by lead-acid batteries may prove to be suitable for a number of vehicle 

types including industrial vehicles. delivery vehicles. buses. and airport service 

vehicles. Table IV gives a summary of the status and problem areas for lead-

acid cells. 

The Fe/KOH/NiOOH Cell. 

The iron/nickel oxide cell is also known as the Edison cell. It is extremely 

robust and can withstand a large amount of abuse without damage. In its ear-

- lier forms it was a low-specific-energy cell and had a -specific- energy compar-. -

able to that of the lead-acid cell. During the last several years this cell has 

undergone redesign and improvement so as to increase its specific energy and 

decrease its cosl. Excellent improvements in the iron elect.rode which have 

been made in Sweden have contributed to the increase in specific energy. 

bringing that value to about 50 Wh/kg recently. Specific power values as high 

as about 100 W/kg have been achieved. but somewhat higher values are neces-

sary for electric automobile propulsion. The cycle life of iron/nickel oxide cells 

continues to be very good. Even the most recent designs of lightweight cells 

yield cycle lives in the range of 600 deep cycles and more. This long cycle life 

in combination with the relatively high specific energy is a result of improve-

ments made in both the iron and the nickel oxide electrodes. 

Current research needs on the iron/nickel oxide cell include improve-

ments in the efficiency of the cell. The improved iron electrode still is less 

efficient than desired because it still has a tendency to evolve hydrogen. 
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especially during recharge. The evolved hydrogen represents an inefficiency. as 

well as a safety issue. The nickel oxide electrode is also inefficient. and evolves 

oxygen during recharge. especially at temperatures above 350 C. This gas evo-

lu tion makes it .infeasible to seal these cells. thus they require frequent electro-

lyte maintenance. The charge/discharge efficiency is typically in the range of 

60%. This value is lower than that desired for most stationary energy storage 

applications. however. it may be acceptable in some electric vehicle applica-

tions. The combination of low efficiency. especially during charging. and a large 

reversible (T6S) heat generation rate during recharge require special thermal 

control when these batteries are used in multi-kilowatt hour sizes. Some elec-

tric vehicle batteries of this type are provided with circulating electrolyte 

which is used to carry the heat to a thermal radiator system. 

Iron/nickel oxide batteries have been built as full-size vehicle propulsion 

batteries and have been tested in laboratories as well as in vehicles. These 

tests have verified the robust nature of the system and its long cycle life. The 

attractiveness of this battery for vehicle propulsion would be enhanced 

significantly if its efficiency could be improved and it could be operated as a 

maintenance-free. or very-low-maintenance battery. This step requires 

significant reduction or elimination of hydrogen evolution at the iron electrode 

and oxygen evolution at the nickel oxide electrode. This is an electrocatalysis 

problem and requires the use of poisons for the gas evolution reactions. It may 

be possible to use rather small amounts of specific poisons for each of these 
-, 

reactions. This is an area of research which could logically be exploited in 

Sweden. with its long experience with both of the electrodes in this system. 

Details of the status of the Fe/NiOOH cell are presented in Table V. 
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The Zn/KOH/NiOOH Cell. 

The zinc/nickel oxide cell is a close relative to the iron/nickel oxide cell, 

but it offers a higher voltage of 1.7 V and a higher specific energy, making it 

more attractive for mobile applications. This cell offers specific energies in the 

range of 75 Wh/kg and specific power values well above 100 W /kg. Its major 

shortcoming is a short cycle life which is traceable to the zinc electrode. This 

problem has been the subject of extensive development activities during the 

last decade, and has shown improvement, but remains a problem. Several years 

ago typical cycle lives were in the range of 100-150 cycles, whereas now they are 

in the range of 200-300 cycles, with some designs yielding 300-400 cycles at 

lower specific energy. (3) Additional improvements are necessary before this 

cell can be used in electric vehicle applications, where a longer cycle life is 

required. Electric utility applications demand cycle lives in the range of 2,000, 

therefore this system is not being considered for utility systems. The cost of 

zinc/nickel oxide cells has been well above SlOO/kWh, but some projections 

indicate the possibility of a cost near ~!i100/kWh. 

The short cycle life of the zinc electrode is traceable to its high solubility 

in the potassium hydroxide electrolyte. When the electrode is discharged, zin-

cate ions are formed in the electrolyte. These zincate ions are highly soluble in 

concentrated potassium hydroxide, and are free to migrate about in the cell. 

When the zinc electrode is recharged, the zinc does not necessary redeposit in 

precisely the same locations from which it came. This same effect, integrated 

over hundreds of cycles, results in movement of zinc away from the high 

current density regions of the electrode, namely the edges, toward the lower 

current density regions of the electrode, namely the center. The resulting 

reduced area of the zinc electrode causes the cell to have a decreased capa-

city. In addition, the redistributed zinc may occur in a very high density form, 
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which reduces the true surface area of the zinc and correspondingly increases 

the current density at which the electrode operates. This lower area zinc is 

much more susceptible to passivation than the high-area zinc originally 

present. 

A number of approaches have been followed in seeking to improve the 

cycle life of the zinc electrode. These approaches include reduction of the 

hydroxide concentration in the electrolyte, thereby reducing the solubility of 

zinc ate in it, and reducing the rate of zinc migration. Other approaches include 

the addition of calcium oxide to the zinc electrode with the intention of precipi­

tating the zincate inside the porous zinc electrode. It has also been shown that 

the choice of separator used in the cell is extremely important with regard to 

keeping the zinc close to the zinc electrode and avoiding the deposition of zinc 

dendrites which can short circuit the cell. Each of these approaches has pro­

ven beneficial, however, the benefits of all of them have not yet been combined 

to produce a cell of very long cycle life. 

It has been found that the hydrogen evolution reaction on the zinc elec­

trode can be controlled very effectively by the use of small amounts of heavy 

metals in the zinc electrode. Such metals as mercury, lead, thallium, bismuth, 

and others can reduce the hydrogen evolution rate to insignificant values. This 

permits the operation of sealed cells, provided that the small amounts of oxy­

gen evolved from the nickel oxide electrode are dealt with effectively. The oxy­

gen is conveniently combined with zinc either electrochemically or by direct 

chemical reaction. This permits sealed zinc/nickel oxide cells to be operated. 

Sealing of the cells offers the advantage of having maintenance-free cells and 

permits the electrodes to remain matched in their state of charge. 

Additional work is required on extending the life of the zinc/nickel oxide 

cell. An improved understanding of the details of zinc electrode failure is 
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required in order to follow the most promising approaches for extending the life 

and performance of the zinc electrode. In addition it is important that optim­

ized separators be available for use in combination with the zinc electrode. 

These separators should serve as a barrier to the passage of zincate ions but 

should allow the passage of hydroxyl ions. In addition. the separator should 

prevent the formation of zinc dendrites and their penetration through the 

separator. This can probably be accomplished by having a separator of 

extremely small pore size. in the range of 30-50 angstrom units diameter. 

Finally. it would be helpful to have a nickel oxide electrode of higher ~fficiency. 

in order to match the high efficiency of the zinc electrode. This might be 

accomplished by poisoning the oxygen evolution reaction at the nickel oxide 

electrode. Such a poison would make it easier to maintain state-of-charge bal­

ance between the two electrodes and would reduce the need for recombining 

oxygen with zinc in sealed cells. It would also make it less important to operate 

completely sealed cells. A summary of the state-of-development of zinc/nickel 

oxide cells is given in Table VI. 

Zinc/nickel oxide cells are available in small sizes commercially. and are 

under development for use in electric vehicles. Batteries similar to the one 

shown in Figure 6 have been constructed and tested in the laboratory as well as 

in a number of small electric vehicles. The results of some of this testing have 

been reported by General Motors.(3.4) Overall. the tests were very successful. 

showing that electric vehicles with a range more than double that achievable 

with lead-acid batteries can be operated. Excellent acceleration has been 

achieved; and battery life was surprisingly long. considering that a shorter life 

was expected in vehicles as compared to balteries tested in the laboratory. The 

cost of these batteries remains an uncertain issue. and it is not yet known 

whether zinc/nickel oxide batteries can be produced for $100/kWh or less. 
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The Zn/ZnC12/~'8H20 Cell. 

The zinc/chlorine cell offers a reasonably high voltage of about 2.1 V and 

can offer a specific energy about twice that of the lead-acid battery. This bat­

tery makes use of external storage for the chlorine and a flowing electrolyte to 

bring the chlorine reactant to the positive electrodes. This is illustrated by the 

schematic diagram of the system shown in Figure 7. The system operates as 

follows: In the fully-charged-state, zinc metal is in place on dense graphite sub­

strate electrodes and chlorine is stored as chlorine octahydrate in the storage 

area shown on the right in the figure. An electrolyte pump drives chlorine­

saturated electrolyte through the pores of the porous graphite positive elec­

trodes. As the cell is discharged, the dissolved chlorine is reduced to form solu­

ble chloride ions and the zinc is oxidized to form zinc ions in the electrolyte. 

The heat generated by the cell stacks is absorbed by the circulating electrolyte 

and carried back to the chlorine storage area where it melts the ice-like 

chlorine hydrate making it available for use in the cell stacks. At the end of the 

discharge, all of the zinc has been removed from the dense graphite substrate, 

and all of the chlorine has been reduced to chloride. During recharge, the bat­

tery system is connected to a refrigeration unit and heat is removed from the 

area labeled "chiller" in Figure 7. The charging current causes zinc to be depo­

sited on the dense graphite substrates and chlorine to be produced at the 

porous positive electrodes. The chlorine is carried away by the circulating elec­

trolyte, and its temperature is reduced in the chiller. When the temperature 

has been reduced below gOe, solid ice-like chlorine hydrate forms in the 

storage area and is removed from the circulating electrolyte stream by the 

filter. This process continues until the desired amount of zinc has been depo­

sited and the desired amount of chlorine has been stored as the hydrate. 

-, 
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This system has been under development for over 10 years and several ver­

sions of it have been constructed and tested. Specific energies of about 65 

Wh/kg have been achieved at low specific powers, and specific power values up 

to about 70 W /kg for short periods of time have been obtained. A 1 kWh system 

has shown a cycle life of 1400 cycles with maintenance of the purity of the elec­

trolyte. Other systems have shown shorter cycle lives but have been operated 

in units as large as 50 kWh each. Overall system efficiency is very important. 

Charge/discharge efficiencies of individual cells have reached 65-70% under 

special conditions; overall system efficiencies are significantly lower because of 

the energy requirements for pumping and refrigeration. 

It has been found that it is important to avoid certain impurities including 

cobalt and iron in the electrolyte because they can catalyze the evolution of 

. hydrogen at the zinc electrode. This results in the release of hydrogen and in 

the reduction of the efficiency of the system. It is necessary to avoid the for­

mation of zinc dendrites on recharge and this is accomplished by the addition 

of leveling agents to the electrolyte. It is also necessary to completely 

discharge the zinc electrodes every' several cycles in order to remove all of the 

zinc and start with a fresh, clean surface in order to maintain a well-behaved 

zinc deposit at the negative electrodes. A system for recombination of hydro­

gen with chlorine has been devised which makes use of an ultraviolet light 

source for calalyzing the photolytic reaction. 

A variety of demonstrations of the zinc chlorine system have been made by 

the developers, Energy Development Associates, during the last several years. 

The zinc/chlorine syslem seems most appropriate for stationary energy storage 

applications where the bulk and complexity of the system are not especially 

disadvantageous. The largest-scale test of any advanced system is currently 

being conducted at the Battery Energy Storage Test (BEST) facility, where a 500 
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kWh zinc chlorine battery system is undergoing tests connected to an electric 

utility network. These tests are in an early stage and no data have been made 

available yet. Some preliminary indications may be given concerning the 

behavior of this battery in the next paper. 

There are a number of problem areas deserving additional attention. The 

zinc electrode has a tendency to form dendrites and uneven deposits which can 

cause shorting of the cells. This tendency is somewhat reduced by the addition. 

of leveling agents as mentioned above. Additional research on the control of 

the zinc morphology in acidic zinc chloride electrolytes is necessary in order to 

improve the flexibility of operation of this battery. thereby allowing random 

cycling without frequent complete discharge to remove all of the zinc from the 

graphite substrate. Spontaneous hydrogen evolution from the zinc could be 

avoided if the hydrogen evolution reaction could be selectively poisoned. This 

would improve the efficiency of the battery. improve its safety. and reduce its 

extreme sensitivity to heavy metal impurities in the electrolyte. Another area 

deserving of attention is improvement of the specific power of the battery. This 

is particularly important for mobile applications. where sustained specific 

power above 100 W /kg is required. Currently. t.he relatively low specific power is 

traceable to a high electrolyte resistivity. the low concentration of chlorine in 

t.he electrolyte. and the relatively large spacing between electrodes. This large 

spacing is used in order to reduce the rate of chlorine migration to the zinc 

electrode where it reacts spontaneously. Finally. additional materials that 

resist acidic chlorine-chloride solutions and are inexpensive would be very use­

ful in this system (various forms of polyvinylchloride are used now). Table VII 

summarizes the current situation for the zinc/chlorine battery. 
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The zinc/bromine battery is very similar to the zinc/chlorine battery in 

that it is a flow system using carbon electrodes and external storage of the 
.' .. ~ 

halogen. A schematic diagram of one version of the zinc bromine battery is 

shown in Figure B. As in the zinc/chlorine cell, zinc metal is deposited on a gra-

phite substrate, and bromine is stored external to the cell stack. Instead of 

being stored as a solid, bromine is stored as an oily organic complex, which is 

immiscible with the electrolyte. During discharge the bromine complex is mixed 

with electrolyte and serves as the source of dissolved bromine which is pumped 

to a carbon electrode t.hat serves to reduce the bromine to bromide. Simple 

porous membranes are used to reduce the rate of transport of bromine to the 

zinc electrode. This approach for bromine storage has the advantage that no 

refrigeration is required. 

Zinc/bromine systems have been constructed and tested in various sizes 

by a number of organizations. Recent work has included systems up to and 

including 20 kWh. Some of the systems have demonstrated specific energies in 

the range 40-60 Wh/kg, and specific power values in the range 30-70 W/kg. 

Recent life lesling of cell slacks has shown lifetimes up to 700 cycles, however, 

there are frequent failures after much shorter lifetimes. 

An interesting bipolar cell design approach has been taken with some 

zinc/bromine systems. Bipolar systems with flowing electrolyte offer the oppor-

tunity for shunt currents to develop which can cause the build-up of zinc depo-

~its from one cell to another causing shorting. This has been avoided in some 

system designs by the use of so-called shunt current protection, in which a 

potential is impressed along the electrolyte distribution manifold such that the 

potential gradient caused by the cell stack is cancelled, thereby significantly 

reducing the tendency toward shorting caused by shunt currents. Periodic 
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complete discharge of the zinc electrodes is still necessary in order to provide 

for even zinc deposits. In general the same problems as are found for the zinc 

electrode in the zinc/chlorine system are present in the zinc/bromine system 

Overall efficiencies of 60-70% have been found for zinc/bromine systems. 

This efficiency is somewhat low for most stationary applications, however, it may 

be acceptable for some mobile applications. System optimization may increase 

this efficiency modestly. 

Some of the major life-limiting factors for the zinc/bromine system are 

electrode warpage in the bipolar stacks, and leaching of an organic material 

from t~e polymers used in the separators and other parts of the cell. resulting 

in the formation of a sludge which accumulates on the electrode surfaces. This 

sludge appears to be a mixture of brominated organic materials. Efforts are 

being r..iade to modify the compositions of the polymers so that the release of 

leachates is minimized. 

Cost projections for the zinc/bromine system are well below $lOO/kWh, 

making this system potentially very attractive. from an economic viewpoint. The 

extensive use of carbon and polymers, along with cell designs which permit the 

use of simple, molded parts contribule to the projections of low cost. 

Issues requiring additional attention include identification of optimum 

polymeric materials stable in acidic bromine-bromide electrolytes, and zinc 

electrode improvement in the areas of hydrogen evolution and control of zinc 

morphology. Additional work on bromine complexing agents is desirable in 

order to minimize the cost. weight, and volume of the bromine slorage subsys­

tem. Table VIII summarizes the status of the Zn/Br2 cell. 
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The Na/Na +Solid/S Cell. 

The sodium/sulfur cell has been under investigation and development for 

ab0ul 20 years. This cell operates at elevated temperatures in the range of 

350 0 C and uses a solid sodium-ion-conducting electrolyte in the form of a cry-

stalline ceramic called beta alumina or a sodium-ion-conducting glass. 

Elevated temperatures are required because the resistivity of these electrolytes 

is too high at lower temperatures. These cells must be hermetically sealed from 

the atmosphere because of the high reactivity of sodium with oxygen and mois­

ture. This cell offers a very high specific energy in the range of 150-200 Wh/kg, 

a value which is unmatched by any ambient-temperature rechargeable battery. 

The principles of operation of this cell are simple: molten sodium reacts at 

the solid electrolyte surface releasing a sodium ion to the electrolyte and an 

electron to the external circuit. The sodium ion migrates through the electto-

lyte to the sulfur on the other side where it reacts with the sulfur and the elec-

trons from the external circuit to produce sodium polysulfides. The liquid 

sodium polysulfides are immiscible with sulfur, and form a separate phase. The 

discharge reaction can be continued to the point where solid Na2SZ begins to 

form in the sulfur compartment. At this point the cell is declared to be com­

pletely discharged. Because of the fact that sulfur is a poor electronic conduc-

tor it is necessary to provide a current collector in the sulfur electrode. This 

current collection is provided by graphite felt which is electronically conduc-

tive and resists corrosion by sulfur and sodium polysulfides. 

A schematic diagram of a sodium/sulfur cell using a beta alumina electro­

lyte is shown in Figure 9.(5) Here, sodium is held inside a beta alumina tube 

and the sulfur electrode is around the outside of the tube. The cell is com-

pletely enclosed in a metal casing, and sealed from the atmosphere. Thermo-

compression bonded seals are used. Cells of this general design have been 
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prepared in sizes ranging from a few ampere hours to hundreds of ampere 

hours. Many laboratories world-wide are working on the development of 

sodium/sulfur cells for stationary applications and mobile applications. Cell 

designs using sodium on the inside of the electolyte tube or sulfur on the inside 

have both been used. In addition a cell design using hollow glass fibers which 

conduct sodium ions is being investigated.(5) 

Typical charge and discharge curves for a SOdium/sulfur cell are shown in 

Figure 10. This figure shows the precipitous drop in cell voltage as the composi­

tion of t~e sulfur electrode approaches the stoichiometry Na2 S3 where solid 

Na2S2 precipit.ates. The charge curve shows a rapid rise in voltage as 20% 

state-of-charge is approached, indicating the accumulation of large amounts of 

non-conductive sulfur as the cell is charged. Special electrode designs are 

required in order to minimize the overvoltages during charge and discharge. A 

number' of different approaches have been used in designing the sulfur elec­

trode current collectors. Current collectors of graded resistivity, shaped 

current collectors, and current collectors of alternating layers of graphite felt 

and alumina cloth have been used. All of these approaches have shown 

improvement over the simple, single layer of graphite felt. 

The cycle lives and lifetimes of SOdium/sulfur cells of identical design have 

been highly variable. To some degree, this has been traced to the multiplicity 

of possible failure modes, including corrosion of the cell container, accumula­

tion of corrosion products around the beta alumina electrolyte, contamination 

of the beta alumina electrolyte by ion exchange. cracking of the beta alumina 

electrolyte, anti failure of the seal between the bela alumina and the alpha 

alumina ring. Most of these failure modes have been significantly reduced in 

importance. however. a few failure modes remain predominant. These include 

cracking of the beta alumina electrolyte. failure of the seal between lhe alpha 
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alumina and the beta alumina. and failure induced by thermal (freeze-thaw) 

cycling. Recent work on the beta alumina has included special methods of 

str2ngthening it for the purpose of minimizing cell failures caused by cracking 

of the electrolyte. Dispersion hardening by inclusion of zirconia in the electro-

lyte is one approach being investigated. Other work includes identifying critical 

current density values which permit longer-term operation if not exceeded. 

Typical capacity vs. cycle number data are shown in Figure 11 which indicates 

that cell capacities can remain stable for several hundred cycles at least. 

The specific energies that have been demonstrated by sodium/sulfur cells 

are in the range of 100-180 Wh/kg; the specific powers have been in the range 

of up to about 140 W /kg. Cells have been designed for emphasis either on 

specific energy or on specific power. The high specific power cells have been 

intended for electric vehicle propulsion whereas the high specific energy cells 

have been intended for stationary energy storage. Cycle lives of these cells 

ha\'e ranged from a few hundred cycles to over 1500 cycles and the lifetimes 

have been as long as nearly 2 years. Batteries of various sizes from a few kWh 

up to 100 kWh of energy storage capability have been demonstrated. Some bat-

tery modules have yielded over 600 cycles. A projected cost of sodium/sulfur 

batteries lies well above $100/kWh using current production methods for the 

ceramic electrolyte. It has not been feasible to use low-cost starting materials 

because of problems encountered with impurities. The ceramic processing also 

requires careful control and is energy intensive. contributing to the high cost. 

Etrcrls continue on the use of lower-cost starting 'materials. 

Recent experience with sodium/sulfur batteries h:as indicated that cell 

failure on thermal cycling is a particularly important area requiring attention. 

Each thermal cycle of the hdttery between operating temperature and room 

temperature results in the failure of about 3% of the cells in the battery. This 
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relatively high percentage. coupled with the fact that the cells do not fail either 

in the open circuit condition or in a completely shorted condition result in a 

very difficult. battery management problem Thus the cells cannot. easily be 

bypassed nor do they act as simple. low resistance shunts. The failed cells 

operate as resistors in the battery. generating additional heat and somet.imes 

limiting the current that can be drawn from the battery. Cell redesign could 

circumvent this problem by providing cells that are well shorted upon thermal 

cycling failure. 

Topics for additional research and development relating to the 

sodium/sulfur cell include lower cost. high strength. beta alumina electrolyte. 

improved sealing methods for the beta alumina to alpha alumina seal. alloys 

that resist attack by sulfur and sodium polysulfides, and new cell designs that 

minimize the risk of failure on thermal cycliIig, and provide well shorted cells 

on failure. Other areas that have been actively investigated include new solid 

electrolytes that may replace beta alumina. The status of the sodium/sulfur 

cell is surrunarized in Table IX. 

The LiAl/UCl-KClIYeS Cell. 

The Li-Al/FeS cell makes use of a molten salt. elect.rolyte. and operates at a 

temperature of 4500 C. The construction of this cell is very similar to that of 

ambient temperature cells with aqueous electrolytes. It uses flat plate elec­

trodes. porous separators. and is assembled into a simple cell case as shown in 

Figure 12. Molten-salt electrolyte fills the pores of the electrodes and the 

boron nitride fiber separators. The electrodes are prepared by a simple press­

ing technique using powdered reactants and powdered electrolyte. They are 

enclosed in metal frames and screen-like particle retainers. The chemistry and 

phase transitions involved in the operation of the LiAl/FeS cell are rather com­

plex. This can be seen by inspecting Figure 13. which shows the 4500 C 

" 
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isothermal section of the lithium-iron-sulfur phase diagram. The FeS eleclrode 

operat.es along the line H-M during its discharge. As FeS reacts with lithium 

ions from the electrolyte, t.he compound Li2FeS2 is formed along with elemental 

iron. These products accumulate until all of the FeS has been consumed. At 

this point, Li2FeS2 is converted into Li2S and additional iron as the discharge 

process proceeds, finally ending up at point M on the phase diagram. The 

reverse of these processes occurs on recharge, but under certain cir-

cumstances complications due to reactions with potassium chloride from the 

electrolyte can occur. Consideration of the pathway H-M in Figure 13 indicates 

that a two-plateau discharge curve is to be expected. However, the potentials 

of the two plateaus expected' from Figure 13 are within about 20 mV of one 

another at cell operating temperature; so only a single plateau of about 1.33 V 

is observed during operation of these cells. 

A large number of cells of t.he general design shown in Figure 12 have been 

const.ructed and tested. These cells have varied in capacity from several tens 

of ampere hours to over 300 ampere hours. These cells have exhibited specific 

energy values of 60-100 Wh/kg, and specific power values of 60-100 W/kg. As 

shown in Figure 14 cycle lives in excess of 300 cycles have been achieved in 

many cases. A small percentage of cells have achieved cycle lives in the range 

of 1.000 cycles. Typical lifetimes are in the range of 5,000 hours and more. A 

small number of multi-kWh ten-celled batteries have been operated. Some of 

them have demonstrated cycle lives in the range of 200 cycles. The most com-

mon failure mode experienced with these cells has been internal shorting 

caused by extrusion of the active material from the positive electrode, allowing 

it to contact the negative electrodes, shorting the cell. Other failure modes 

have included the growth of protrusions from the negative electrodes, also 

causing cell shorting. Cell reliability on start up and after thermal cycling has 
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been significantly improved by the use of wetting agents which enhance the 

tate and extent of wetting of the boron nilride separators by the mollen-salt 

electrolyte. Thermal cycling of cells has been demonstrated to have no 

measurable effect on cell performance or lifetime. even after at least 60 ther­

mal cycles. This is a very important result. making it possible to operate bat­

teries composed of large numbers of cells that may occasionally require cooling 

for mainlenance or storage purposes. 

The problems that have been encountered with the Li-Al/FeS cell include 

relatively low specific energy for a high-temperature cell. electrode swelling 

and extrusion of the active material. and the high cost of boron nitride separa­

tors. Materials problems have been relatively minor. with mild steels and stain­

less steels proving adequate. As with all high-temperature batteries. thermal 

control is a significant issue. Vacuum multi-foil insulation has been used where 

the bulk of ordinary insulation is unacceptable. Applications for the Li-Al/FeS 

cell include stationary energy storage for electric utilities and mobile energy 

storage for use in electric vehicles. Some testing of small batteries for possible 

use in military special-purpose electric vehicles have already been conducted. 

A summary of the current information on Li-Al/FeS cells is presented in Table 

X. 

The Li4Si/LiCl-KCl/FeS2 Cell. 

The Li4Si/FeS2 cell is very similar to the LiAl/FeS cell. It uses nearly the 

same composition of electrolyte. and operates at about the same temperature. 

The design of the Li4Si/FeS2 cells that have been tested most often is some­

what different from the design of the Li-Al/FeS2 cells. Figure 15 shows a cross­

section of a disk-shaped cell using a central positive electrode held between two 

negative electrodes. Cells of this design. having a capacity of about 70 ampere 

hours have been investigated. 
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The FeS2 electrode operates along line A-E-L in Figure 13. Starting at 

point A as lithium is added to the FeS2, the compound Li3Fe2S4 forms and 

accumulates in the positive electrode. At point F, all of the FeS2 has been con­

verted to Li3Fe2S4. Next. Fe 1_x S is formed, along with Li2+xFe1_xS2' After all 

of the Li3Fe2S4 disappears, Li2FeS2 is formed. Finally, the Li2FeS2 is convert.ed 

to Li2S and iron. The discharge process is complete when point L on the phase 

diagram is reached. As is to be expected from the pathway A-L on Figure 13, a 

number of plateaus are encountered during discharge of the FeS2 electrode. 

Two of these plateaus are major plateaus and account for most of the charge 

delivered by the electrode. This is shown by the results in Figure 16. 

The Li4 Si/FeS2 cell has shown a significantly higher specific energy than 

the LiAl/FeS cell, as shown by the results in Figure 17.(5) Note that at very low 

specific powers Cell 7 demonstrated a specific energy of about 185 Wh/kg. The 

maximum specific power demonstrated with these cells is about 100 W /kg. Life 

testing has shown the cells to be capable of about 700 deep cycles and a life-

time in the range of 15,000 h. The failure modes of these ce!ls are very similar 

to those of the Li-Al/FeS cells. shorting being the usual cause of failure. This 

shorting is usually caused by swelling of the positive electrode and extrusion of 

active material from it. The materials problems for cells containing FeS2 are 

more severe than for cells containing FeS. because of the higher sulfur activity 

associated with FeS 2. Only a few refractory metals and their alloys and gra-

phite have shown adequate corrosion resistance to the high sulfur activity of 

the positive electrode. 

Areas requiring additional investigation include materials that are inex-

pensive, have a high electronic conductivity and are stable in contact with 

FeS2, low-cost separators. and thermal control systems. A summary of the 

status and problems, of the Li4 Si/FeS2 cell is presented in Table XI. 
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Candidate applications for this system include stationary energy storage. 

and electric vehicles. 

IV. Concluding Remarks 

The material presented above has covered a wide range of advanced elec­

trochemical energy storage systems. in varying stages of development. There is 

a strong need for new energy storage systems. but the performance. lifetime. 

and cost requirements are difficult to meet. If there are to be successful new 

systems, a number of needs must be met, most of which fall into the area of 

materials science. Sweden could make a strong contribution in many of the key 

areas that will permit the successful development of these systems. Some of 

these key areas are: 

• Improved zinc electrodes 

• More efficient NiOOR electrodes 

• Improved micro-porous separators 

• Poisons for hydrogen evolution from iron and zinc 

• Polymeric materials for use in acidic halogen-halide electrolytes 

• Robust. low-cost sodium-ion solid electrolytes 

• Low-cost separators for molten-salt cells 

• Corrosion-resistant electronic conductors for sulfur and FeS2 electrodes 
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Table 1. 

REQUIREMENTS FOR OFF-PEAK ENERGY STORAGE BATTERIES 

Discharge time 

Charge time 

Overall efficiency 

Energy/floor area 
(6.l m max. height) 

Typical size 

Cycle life 

Lifetime 

Cost 

3-8 hours 

5-7 hours 

>70% 

80 kWh/m2 

100-200 MWh 

2000 

10 years 

$30/kWh 



... 

Table II. 

ENERGY AND POWER REQUIREMENTS 
FOR URBAN ELECTRIC VEHICLES 

ENERGY CONSUMP'rION 
At axle: 
From battery: 
From plug: 

PEAK POWER REQUIRED (0-50 km/h, ~10 s) 
At axle: 
From battery: 

AVERAGE POWER REQUIRED Al' AXLE 
Fed. Register 
50 km/h cruise 
Peak for 0-50 km/h, ~10 s 

0.10-0.12 kW·hrr·km 
0.14-0.1 7 kW·h/l--~km 
0.18-0.23 kW·h/T·km 

25 kWIT (Test wt.) 
35 kW IT (l--est wt.) 

f'J 5 kW IT (,fest wt.) 
f'J 3 kW/T (l'est wt.) 

f'J 25 kW IT (,fest wt.) 

N 
-....J 
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Tab1 e II I. 

REQUIREMENTS FOR URBAN ELECTRIC AUTOMOBILE BATTERIES 

Specific energy 

Energy density 

Specific power, 15 sec. peak 

Energy efficiency 

Cycle life, 80% DOD 

Lifetime 

Cost 

Typical size 

~70 Wh/kg* 

~140 Wh/l 

130 W/kg 

~70% 

~300 

3 yeats 

~$70/kWh 

20-40 kWh 

*Corresponds to 140 km range for a battery mass of 30% of the 
vehicle test mass. 
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Table IV. 

Pb/H 2SO,+/Pb0 2 

Pb + Pb02 + 2H 2 SO,+ ~ 2PbSO,+ + 2H 20 

E = 2.095 V; 175 W·h/kg Theoretical 

STATUS 

Specifi c Energy 

Speci fi c Power 

Cycle Life 

Cost 

RECENT WORK 

30-40 W·h/kg @ 10 W/kg 

50-110 W/kg @ 10 W·h/kg 

400+ @ 10 W/kg, 70% DOD 

$50-1 25/kWh 

Replace Sb with Ca in positive current collector 

Maintenance-free cells 

Use 4PbO·PbSO,+ instead of PbO + Pb 30,+ in positives 

Redesign of current collectors for low resistance 

Circulation of electrolyte 

PROBLEMS 

Sealing of cells 

Positive current collector corrosion 

Cohesion and adhesion of Pb0 2 

High internal resistance 

Heavy 
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Table V. 

F e/ KOH/N i OOH 

Fe + 2NiOOH + 2H zO + Fe(OH)z + 2Ni(OH)z 

E = 1.370 V; 267 W·h/kg Theoretical 

STATUS 

. Specific Energy 

Specific Power 

Cyc1 e Li fe 

Cost 

RECENT WORK 

40-50 W·h/kg @ 10 W/kg 

70-120 W/kg @ 10 W·h/kg 

300-1000 @ 10-25 W/kg, 80% DOD 

>$100/kW·h 

Improved Fe and NiOOH electrodes 

200-300 Ah cells and modules 

Vehicle-size batteries 

PROBLEMS 

Hz evolution during recharge; can't be sealed 

Heat evolution 

Low efficiency ~60% 

Capacity loss at low temperature 
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Table VI. 

Zn/KOH/NiOOH 

Zn + 2NiOOH + H20 ~ ZnO + 2Ni(OH)2 

E = 1.735 V; 326 W·h/kg Theoretical 

STATUS 

Sped fi c Energy 

Specific Power 

Cycle Life 

Cost 

RECENT WORK 

55-75 W·h/kg @ 30 W/kg 

150-200 W/kg @ 35 W·h/kg 

200-300 @ 25-50 W/kg, 80% DOD 

>$100/kW·h 

Inorganic separators (e.g., zr0 2, Ni(OH)2, Ce(OH)3, 
others) 

Microporous organic separators 

Sea 1 ed ce 11 s 

Nonsintered electrodes 

150-400 Ah cells and modules 

17 kWh, 150 Ah vehicle batteries 

PROBLEMS 

Sealing of cells - O2 evolution and recombination 

Zn redistribution 

Separators 
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Tabl e VII. 

Zn/ZnC1 2 /C1 2 ·SH 20 

Zn + C1 2 ·SH 20 + ZnC1 2 + SH 20 

E = 2.12 V; 405 W·h/kg Theoretical 

STATUS 

Speci fi c Energy 

Speci ffc Power 

Cycle Life 

Cost 

RECENT WORK 

66+ W·h/kg @ 3-4 W/kg 

70 W/kg for seconds 

1400* 

>$100/kW·h 

Additives for Zn deposition 

Recombination of H2 andC1 2 

35-500 kWh systems 

Systems components 

PROBLEMS 

Complete discharge required periodically 

Bu1 ky 

Complex 

Low specific power 

Very sensitive to impurities 

Low efficiency (65-70% for cells, lower for system) 

Gaskets 

*1 kWh system only, with electrolyte maintenance 
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Table VIII. 

Zn/ZnBr2/Br2 

Zn + Br2 ~ ZnBr2 

E = 1.85 V; 430 W·h/kg Theoretical 

STATUS 

Speci fi c Energy 

Specific Power 

Cycle Life 

RECENT WORK 

40-60 Wh/kg @ 5-10 W/kg 

30-70 W/kg 

700 @ 90-100% DOD 

Prototype 2-20 kWh batteries 

Complexing of bromine 

Bipolar cell modules 

Shunt current protection 

PROBLEMS 

Complete Zn discharge required frequently 

Complex system - flowing electrolyte 

Low efficiency - 60-70% 

High self-discharge rate 

Zinc morphology; dendrites 

Br2 electrocatalysis 

Sludge accumulation on electrodes 
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Table IX. 

Na/Na+ Solid/S 

2Na + 3S ~ Na2S3 

£ = 2.0 V; 758 Wh/kg Theoretical 

T = 350°C 

STATUS 

Speci fi c Energy 

Specific Power 

Cycle Life 

Lifetime 

Cost 

RECENT WORK 

Batteries,· 10-100 kWh 

C6N~ additive to S 

90-180 Wh/kg @ 30 W/kg 

60-160 W/kg- peak 

300-1600 

5000-25,000 h 

>$lOO/kWh 

Ceramic (Ti02) electronic conductors 

Shaped current collectors 

Tailored resistance current collectors 

Layered current collectors 

Sulfur-core cells 

Graphite cladding 

Nal+XZr2Six03-X012 

Thermocompression bonded seals 

PROBLEMS 

Thermal cycl ing 

Low cost electrolyte 

Corrosion-resistant material for contact with S 

Low cost seals 
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Table X. 

LiAl/LiCl-KC1/FeS 
2LiAl + FeS ~ Li 2S + Fe + 2Al 

E = 1.33 V; 458 Wh/kg Theoretical 
T = 450°C 

STATUS 
Speci fi c Energy 

Specific Power 

Cycle Life 

Lifetime 

Cost 

RECENT WORK 
Multielectrode cells 

LiX-rich electrolyte 

BN felt separators' 

60-100 Wh/kg @ 30 W/kg 

60-100 W/kg, peak 

300-900 @ 100% DOD 

5000+ h 

>$lOO/kWh 

Wetting agent for separators 

Freeze-thaw cycling 

Powder separators-MgO 

Batteries of 320 Ah cells 

Improved current collectors 

PROBLEMS 
Low specific energy 

Low voltage per cell 

Cell shorting major failure mode 

Electrode swelling and extrusion 

Agglomeration of Li-Al with cycling 

High separator cost 

Leak-free feedthroughs 

Thennal control 
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Table XI. 

Li 4Si/LiCl-KC1/FeS 2 

Li 4Si + FeS2 ~ 2Li 2S + Fe + Si 

E = 1.8, 1.3 Vi 944 Wh/kg Theoretical 

STATUS 

Specific Energy 

Speci fi c Power 

Cycle Life 

Lifetime 

Cost 

RECENT WORK 

Bipolar cells 

Li-Si electrodes 

BN felt separators 

70 Ah cell s 

PROBLEMS 

120 Wh/kg @ 30 W/kg 

180 Wh/kg @ 7.5 W/kg 

100 W/kg, peak 

700 @ 100% DOD 

",15,000 h 

>$lOO/kWh 

Materials for FeS2 current collector 

Leak-free feedthroughs 

High internal resistance 

Low-cost separators needed 

Thermal control 
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Figure 3. Photo of General Motors Electrovette, an urban electric automobile. (Courtesy of General 
Motors) 
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TYPES OF BATTERIES 

Aqueous Non-Aqueous 
Electrolyte Electrolyte 

Ambient-Temperature Pb/H 2 SO .. /Pb0 2 li/Organic/TiS 2 

Cd/KOH/NiOOH li/SOC1 2 /C 

Fe/KOH/NiOOH li/S02 /C 

Zn/ KOH/N WOH 

Zn/KOH/AgO 

Zn/KOH/Ai r 

Al/NaOH/Air 

High-Temperature none Na/Na 2 O·xA1 2 03/S 

li-Al/LiCl-KC1/FeS 

Li-Si/LiCl-KC1/FeS 2 

Figure 5. Classification of battery types, with examples. 
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Figure 6. Photo of a zinc/nickel oxide battery for an electric automobile. 
(Courtesy of General Motors) 
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Figure 11. Capacity vs. cycle number for a full-sized Na/S cell. 
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Figure 13. I.sothennal section of the lithium-sulfur-iron phase diagram 
at 450°C. 
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Figure 14. Specific energy vs .. cyc1e number for 300 Ah LiA1/FeS cells. 
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Figure 15. Cross section of.a disk-shaped Li 4Si/FeS2 cell, having about 70-Ah capacity. 
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Figure 16. Typical voltage vs. capacity curves for constant current 
discharges of a Li~Si/LiC1-KC1/FeS2 cell like that of 
Figure 15. 
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Figure 17. Specific power vs. specific energy curves for Li~Si/FeS2 cells. 
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