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ABSTRACT

This report reviews the status of the Department of Energy
Subelement on Electrochemical Storage Systems. It emphasizes
material presented at the Fourth U.S. Department of Energy Battery
and Electrochemical Contractors' Conference, held June 2-4, 1981.
The conference stressed secondary batteries, however, the
aluminum/air mechanically rechargeable battery and selected topics
on industrial electrochemical processes were included.

The potential contributions of the battery and electrochemical
technology efforts to supported technologies: electric vehicles,
solar electric systems, and energy conservation in industrial
electrochemical processes, are reviewed. The analyses of the
potential impact of these systems on energy technologies as the
basis for selecting specific battery systems for investigation are
noted. -

The battery systems in the research, development, and
demonstration phase discussed include: ,

Aqueous Mobile Batteries (near term): lead-acid,
iron/nickel-oxide, zinc/nickel~oxide.

Advanced Batteries: aluminum/air, iron/air, zinc/bromine,
zinc/ferricyanide, chromous/ferric, lithium/metal sulfide,
sodium/sulfur.

Exploratory Batteries: lithium organic electrolyte,
lithium/polymer electrolyte, sodium/sulfur(IV) chloroalu-
minate, calcium/iron disulfide, 1lithium/solid electrolyte.

Supporting research on electrode reactions, cell performance
modeling, new battery materials, ionic conducting solid
electrolytes, and electrocatalysis is reviewed. Potential energy
sav1ng processes for the electrowinning of aluminum and zinc, and
for the electrosynthesis of inorganic and organic compounds are
included. :
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EXECUTIVE SUMMARY

This report is the third in a series entitled Status of the DOE

Battery and Electrochemical Technology Program. The material

emphasizes progress .and changes'in direction of theiElectrochemical
Storage Systems (ECS) Program from December 1979 to June 1981. The
= primary sources of information were publications associated with the

Fourth U.S. Department of Energy Battery and- Electrochemical

™ ‘Contractors' Conference held June 2-4, 1981.
A| Althougﬁ the policies of the Reagan administration had nof

| impacted on the_program reviewed at the fourth Contrac;ors'

. Conference, they will affect future effortsf The Federal role in
V" energy research and devélopﬁént under the Reagan Administration was

described by Dr. M. Savitz, the Department of Energy's Deputy
) Assistant Secretary for Conservation: _
\ . ,
i "The Federal government should continue to support
. long-term, generic and high-risk, but potentially high-payoff
-, research, that private industry will not undertake. However,
it is the Administration's conviction that the marketplace can,
1 v and will, perfect and commercialize new energy technologies
' more efficiently and effectively than government, especially if
energy prices are allowed to reflect their true replacement
a costs. Accordingly, industry is to expect to support develop-
ment and demonstration of promising near—~term technology and to
' " be responsible for their ultimate market or commercial
' development.” '

'The immediate reported effect of the above description of the

S : Federal government's role has been the curtailment of further

' pufchases of electric vehicles for in-fleet testing and the dropping



of plans to proceed with the Storage Battery Electrical Energy
Demonstration.(SBEED). The intent of SBEED was to demonstrate the
battery load-leveling coneept to electric utilities.

Simulation testing of advanced vehicle'propuléion systems has
lbeen initiated. Simulation testing has been utilized to estimate
propulsion efficiencies of 76% and increased energy efficiency
‘through the use of regenerative braking. The results of electric
vehicle systems studies emphasize the importance of high specific
energy for high market penetration. A hybfid gasoline/battery
vehicle propulsioﬁ system is undergoing dynamometric and track
testing. The applicability of fuel cells in transportation has been
evaluated and the fuel cell/battery hybrid power plant provides
_perfotmance equivalent to an internal eombﬁstion’engine, but with
greater fuel economy. .

The Battery Energy Storage Test (BEST) facility was dedicated
during May 1981. The purpose%of the faeility, partially eupported'
.by the Electric Power Researcﬁ Institute and fhe host utility, the
' Puplic Service Electric aﬁd Gae Cqmpany, is to test and evaluate the
operating eharaCteristics of battery systems and power conversion
equipment in a#—operating utility environment. Initial testé will
use lead-acid batteries. Later tests will employ zinc/chlorine
batteries being prodﬁced in a pilot plant operated by Energy

Development Associates, a subsidiary of Gulf and Western.
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.Along with performance evaluation,.researchers are conducting
economic asseésmenté on the use of storage Batteries in optimally
expanded utility systems. As an alternative to utilities using
battery storage, batteries may be instailed on the customer sidé of
the meter. This has been evaluated at the Battelle Columbus
Laboratories. The economic viability of this type of storage 1is
highest for customers with large time-of—day rate differentials.
The New York Energy Research and Development Authority's study of

the use of battery storage to meet peak loads in the New York City

'subway system has been projected to offer several benefits:

e Reduced demand charges;
e A receptor for electricity produced by regenerative braking;
e Increased operational safety; and

f

e Improved utility load management, petroleum conservation,
and deferment of new generation capacity.

The evaluation of battery rquirements for use in
photovoltaic/battéry energf storage systems is continuing at Sandia
National Laboratories. Thé SOLSTOR compdter program is being used.
It was shown that the state-of—charge pfofile for the battery is
highly seﬁsitive to time-of—day_eleétricity pricing. A study at
Argonne National Laboratory on the optimum battery location
concluded that, for>ﬁtility connected photovoltaic systems, there
was no advantage in distributing the battery storage units 5elow the

substation level.
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Studies on the se}ection of batteries for phofovoltaic
electrical energy storége favored the zinc/bromine battery. Other
continuous feed batteries’were not as broadly compatible with solar
photovoltaics. However; work to improve thése andvselected non—-flow
batteries to satisfy specific solar photovoltaic system requirements
continues.‘ A facility for testing batteries for solar system
appliqation is being established at Sandia National_Laboratory.
Various testing procedures, to meet variations in photovoltaic
battery system performance requirements,\are to be used.

The édvanced lead-acid battery development has 1ed to success
in increasing the specific energy and cycle life of the lead-acid
battefy. The use of grid designs which give more uniform current
distributions together with electrolyte circulation has led to a
- longer cycle life. Contributing to the higher‘specific energy has
been the development of lighter wéiéht battery containers. To
further improve the specific energies of lead-acid battefieé,
researchers.ére exploring'the usé of conducting ﬁlastic‘and
metal—coatea plastic grids, léad—plated copper grids, and gfaphite
fibers in fhe active material of fhe positive elecfrodé. Improved
lead-acid batferies, to meet the requiréments for dispersed
electrical systems and stand—aloné solar systemé, are being
investigated. Sealed batteries are being emphasized for stand-alomne

solar applications.
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i

iron/nickel—oxide battery modules meeting'most of the 1980
performance goals have beenvdemonstrated. Laboratory-produced
batteries have given an: in-vehicle performance approximately 200%
gréater than the state-of-the-art lead—acid battery. The ability to
reduce the cost of manufacturing these batteries to that projected
as necessary for high market penetrétion of the electric vehicle is
still to be established. Progress has also been made in the
zinc/nickel-oxide béttery but reliable battery cycle life remains to
be proven, even though the U.S. Army Electronics.Reséarch and
Development Command has achieved 500 cycles in single-cell tests.
One contractor has withdrawn from the program because of the highv .
projecte& cost of mass—producéd sintered—-nickel positive
electrodes. Studies on the production of nickél electrodes without
sintering of the nickel plaque confinue, as projections indicate
this approach is capable of meeting cost goals.‘ |

Considerable progress is being made in the development of
continuous and semicontinubus reactant feed Batteries. Much
progfess has been made on the iron/air cell, especially in improving
the cycling of the bifunctional'air.elecﬁrode (i.e., one that can be

used for both charge and discharge). Over 500 cycles have been

- demonstrated in laboratory cells. Advances in air-electrode

research include better definition of the function and requirements
for electrocatalysts during charge and discharge. Advances have

also been madé in the aluminum/air battery. Full-scale electrodes
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have shown the desired performance and the céncept of rapid.
ﬁechanicél recharging has been demonstrated in full-scale cells.

Life testing of coﬁponents of the zinc/bromine system has not
identified any life-limiting mechanism.. Parasitic losses have been
decreased through improved design of the electrolyte system. Stable
performance has been demonstrated in 3_and 10kWh sub-modules. A‘
stand~alone battery is scheduled to be delivered to the Sandia
NationallLaberatories for evaluatien as the battery energy storage
component of a solar-photovoltaic system. There is, however, a
large variance in rhe projected manufacturing cost 'of the
zinc/bromine battery by the two development groups: $28/kWh by
Exxon and $88/kWh by Gould, Inc. The differeﬁce between these coet
estimates reqeires resolution.

Prbgress_has also been made on the zinc/ferricyanide battery,
which has been transferred from tbe exploratory to the advanced
battery program, as welllas-tﬁe National Aeronautic and Space
Administration's chromous/ferric redox.ﬁattery. Both are being
.considered for potential applications in solar—photovoltaic and
- dispersed energy systems. |

The'feilure of one of the Mark I lithium-aluminium/iron sulfide
batteries‘led to a thorough evaluation of possible causes. The
_primary failure mechanism was cell shorting due to electrolyte.

transport within the cell. This has led to greater emphasis on cell

reproducibility and changes in the separator to reduce electrolyte

~



mobility. Pressed, powdered mixtures of magnesium oxide and

electrolyte, as the separator, have yielded engineering cells

achieving 300 to 400 deep diécharge cycles. A gfoup of 10 cells has

bperated for over 170 cycles without failure. A cell.design
producing IOOWh/kg has also been demonstrated.

Efforts on sodium/sulfur batteries have led to improved

-reproducibility of cell components. Battery modules have been

designed that permit bypassing of failed cells and have sufficient
redundancy to compensate for cell failures. 25kWh modules of
load-leveling batteries have been constructed and demonstrated to
havencapacitiés equal to or greater than the design capacity. A
100kWh battery, consisting of fouf 25kWh modules in éeries, has been
construc;ed and it mét design performance. A ﬂuﬁber of safety teéts

have been conducted on ﬁine—cell sodium/sulfur batteries without

© runaway temperatures being observed. The sodium/sulfur battery

technology has been advanced to pilot plant production of cells.
Sﬁpfo?tiﬁéwreséarch activities have provided valuable guidaﬁte
to battery developers. Theée research activities have revealed
details of chemical and structural changes in secondary battéries
and Aevised mathematical modelsvof qell éerformance. 'As has been
noted, the zinc/Bromine and zinc)ferricy;nide batteries have been
transferred from this category to exploratory research and are now
being evaluated for specific applications. The sodium/sulfur(IV)

chloroaluminate cell has demonstrated excellent specific energy

Vs
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and reversibility in laboratory size cells. It is approaching

readiness for evaluation in large cells and modules. Studies on '
high temperature battery materials suggest tﬁe possible use of a
lithium—~tin negativé electrode matrix for improving the cycle life
of the lithium—aluminum/iroﬁ sulfide cells. The reversibility of
the 1ithium/thion§1chloridé ceii and an all solid state lithium cell
has also been demonstrated. The applicatién of advancgd laser Raman | : -
spectroscopy and other methods to the ‘study of electrode behavior
has shed light on the fundamental requirements for reversibiiity of
electrode reactions. |

Studies oh energy‘conservatioﬁ in electrochemical technology
have been limited to the most promising areas selected from previous
studies. Oxygen.cathodes developed specificaliy to permit réduced A
energy use in the cﬁlor;alkaii‘industry have beén evaluated ip pilot
§1ént cells and furtﬁer'evaluation is scheduled in commercial
cells. The.use of a Hydrogen anode fof reducing overall energy
consumptibn in zinc electrolysis has béen demonstrated and is ?eady
for commercialization. The possibility bf low energy-consuming
elecfrochemical synthetic ;outes to organic compounds is being
explored.

Overali, the various research efforts havexresulted in marked
improvements in many battery systems, spurred‘the advancement of
several systems to thé point of technology transfer to the
commercial sector, and pointed the way to reduced energy consumption

in selected electrochemical technologies.
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1.0 INTRODUCTION

The Department of Energy (DOE) program on batteries and
electrochemical technologies is carried out by the Electrochemical
Energy Storage Branch (ECS) in the Office of Energy Storage
Research, whiéh is under the administration of the Assistant
Secretary, Conservation and Renewable Energy.

(1)(2)

Two earlier reports reviewed the status.of the ECS
program as of June 1978 and December 1979. The first of these
status reports (SR-I) includes background information on the battery
and other technologles of interest as well as their status.(l)
The second report (SR-II) emphasizes technical progresslgnd the

(2) SR—II.includes background

results of system studies.
information‘coﬁcerning cell systems not described in SR-I and
electrochemical technologles. This status report, the third in thé
series, will again emphasize both progress and changes in program
direction. The primary information source for this report ié the
material presented at the Four£hﬂU.S. Depaftment of Energy Battery
and Electrochemical Contractors' Conference (BECC), held 2-4 June

1981.(3) The conference program 15 included as Appendix A.

Information gleaned from conference presentations is supplemented by

material included in the Electrochemical Storage Systems Program
Summary (ECPS),(4) contractor reports, and contractor publications

since June 1979. Reports presented at the BECC and information
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contained in the ECPS will not be specifically cited; all other
references are appropriately éited.

1.1 Current Program Guidance

Before revieﬁing the ECSiprogram, this report includes a brief-
review of the an;icipated impact of the Reagan Administration
policies on energy research and development. Although the policies
have not éffected the electrochem{cal.energy.storage program
reviewed,:they are expected to effect chanées in the future progfam
structure, the types of efforts supﬁorted, and fundS‘available.

.The administratipn's policies within which these adjustments
are to be made were reviewed by Dr. Maxine Savitz, Depﬁty:Assistant
Secretary for Conéeivation.(s) Shevnotedlthat the iséﬁes.and
solutions ,over the coming decédeawill be carried out within the
. following contéxt: “

° Reducing the nation's vulnerability to oil supﬁly
disruption; : o

o Attaining'economic éfficiency in thé supply and use of
' energy; and : ﬂ 3 ‘

° Making the transition to domesticallybabundant fuels and
renewable domestic energy sources. '

Savité fdrther ﬁoted thaf the pfojected contribution of
conservation to energy‘sa§ings has been from 20% to 45% wifhou;
introducing adﬁance& COngervation‘techﬁologies. Currenf research
and Aeveiobﬁent effbrts are.expected to lead to the achiévementlof‘

even greater energy savings.



Savitz reported that the current Administration's energy policy

and revised budget request are based on the following underlying

assumptions:

The nation's energy problems will be .solved primarily by
the American people themselves——by consumers, workers,
managers, inventors, and investors in the private
sector--not by government.

The government's role is to establish sound public
policies based on economic principles, so that individuals
and firms in the private sector have incentives to produce
and conserve energy efficiently.

The government's role is not to select and promote favored
sources of energy.

With‘respect to the Federal role in energy research and

development, Dr. Savitz stated:

"The Federal government should continue to support
long-term, generic and high-risk (but potentially
high-payoff) research, that private industry will not
undertake. However, it is the Administration's conviction
that the marketplace can, and will, perfect and

"commercialize new energy technologies more efficiently and

effectively than government, especially 1if energy prices
are allowed to reflect their true replacement costs.
Accordingly, industry is to expect to support development
and demonstration of promising near-term technologies and
to be responsible for their ultimate market or commercial
development.”

Conservation, according to the Deputy Assistant Secretary,

"means developing use patterns that reflect the true marginal cost

of additional energy.production and use. This includes improving

the efficiency of energy use as well as developing 1ess

energy-intensive technologies for producing goods and services.”
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Within the guidelines of the current administrationAand the
goals of the conservation program, the role of the electrochemical
energy storage program 1s thg support §f long-term, higﬁ risk,
geﬁeric research. This emphasis will decrease the role of the ECS

.vbranch.in the demohstration‘andAcommercialization of batteries and

other electrochemical technologies. This &ecreased role is

reflected 1n:thé FY 1982 budget for the ECS branch program (Table I).

1.2 ECS Program Organization -
| The organizational structure of thé Office of the Deputy

Assistant Sécretary for Conservation is shown in Figure I. The
Electrochemical Energy Storage Branch is part of the Office of
‘Energy Systems Research. The ECS résearch and development efforts
are strongly'supporfive of other activities ﬁithinrénd éutside of
the Office of Conservation. The applications research activities,
inéluded in SR-II1 as."misgions," ;re end-use oriented and are
suppbrted by‘ECS within its own:budgetior with funds trangferred
frbm‘otﬁér activities. The appiicétipns researcﬁ inciudes systen
studies to help guide the selection of specific investigations. The
applied research areas 1nc1ﬁde: | |

o) Mobile ;pplications——eleqtric and ﬁybrid vehicles;

o Solar applicatioﬁs--phqtovoltaic and wind systems;

o Dispersed battery applications--battery storage of
electricity for utilities, industry, and buildings; and

o Industrial energy conservation—-—-commercial electrolytic
processes. -
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TABLE I
ECS PROGRAM FUNDING

Funding ($1,000)

-1

Program Element / ' FY 1980 o FY 1981 FY 1982
Program Subelement . Pass~-Thru ECS Total Pass-Thru ECS Total Estimated
TechnologyiBase Research ‘ _ 7,100 7,100 7,900 7,900 11,000
Electrochemical Systems Research : 2,600 2,600 , 3,300 3,300
Supporting Research - ' 3,000 3,000 3,400 3,400
Electrolytic Processeé o ' 1,500 1,500 1,200 1,200

Technology Development »
Advanced Batteries o 13,900 13,900 10,700 10,700 11,3004

Applications Research | 8,100 12,100 20,200 . 7,500 8,600 8,600 : 2,850b
Mobile Applications ' 7,600 1,600 9,200 7,100 2,300 9,400
Solar Applications : 500 4,900 5,400 - 400 3,600 4,000
Dispersed Battery Applications 4,500 4,500 2,300 2,300
Capital Equipment 1,100 1,100 . 400 400
Total e _8,100 33,100 41,200 27,200 34,700 25,150P

@ Includes exploratory technology development.
b Does not include pass~through funds,
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The support of the program for FY 1980 and 1981, and the projected
budget for 1982, as described in Savitz' remarks, are listed in
Table I. The table reveals increased emphaéis on the technology
base and advanced #nd explbratory technology with a maried decrease
in supporé of applied (mission) efforts. This reflects ;he
deemphasis on demonstration and commercialization efforts with a
higher priority being placed on more exploratory research and
development. Also note that the ECS activities related tol
conservation in industry are included within the,eleétrolytic
processes subprogram elemént. |

Except»for the relatively small effort on electrolytic
processes (i.e., Industrial elgctrochemistry), the remaining
aciivities included in Table I emphasize battery technology. Figure
2 shows the FY-1981 distributioﬁ bf the ECS effort among various
. battery components and operating temperatures. The share of funds
de&icated tovélkaliimetal negative electrodes, sulfur and sulfide
pdsitive,électrodes, high operating temperatures, and non~aqueous
electrolytes 1ndicatés the exploratory aspects of battery research
and development activities. o |

1.3 Report Structure

Before discussing specific battery and eléctroéhemical
processes, this report reviews the battery technology goals, as
definéd by the various applications research subelements. These

mission studies provide guidance to the battery system performance
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requirements and affect batfery research and development emphasis.
However, the R&D efforts on a particular battéry system are reviewed
in the technology sections of the‘report. This permits comparison
of techn;10gy differences and commonalitieé for a giQen battery
system. The research shbporting a specific couple is described with
that couple. Other supporting research 1g included in Section 6.‘
Thé battery couples will be written negative/positive. When the
electrolyte is included the components will be written:
negative/electrolyte/positive. A m;jor exception 18 the lead-acid

battery for which the common name is used.
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2.0 APPLICATIONS RESEARCH: SYSTEMS STUDIES
| The status of the studies supporting the applications research

program element is discussed in this section. As noted in the
introduction, the ;ystem studies are intended to provide guidance
for establishing research goals and to assist in the selection of
critical research problems. The applied research areas reviewed in
this section include:

e Electric and hjbrid vehicles;

e Dispersed electrical systems; and

o  801ar (photovolpaié) systems.
Studies supporting the_eiectrolytic processes program.subelement,are
discussed in Section 6 on elect:olyticvprocesses.

2.1 Mobile Applications

Paul J. Brown, acting directof of the DOE Electric and Hybrid
Vehicles Diviéion, presented an update on the status of the DOE
program being conducted to implement P.L. 94-413, The Electric and
«Hybrid Vehic1e‘Research,_Dévélopment, and Demonstration Act of
1976. The Administration énd Congress havé agreed not to fund the
addition of any electric vehicles to the demonstration fleet in FY
1982. However, the current deménstration program will continue for.
3 more years.in accordance with the cost-shared contracts ffom
prévious years' funding. The‘demonsﬁration fleet currently includes
1,415 electric-vehicles at 94 differeﬁt sites. Electric vehicles

are.being used at these sites by telephone companies, public



utilities, government agencies (Federal, state, and local),
commercial organizations, and univefsities; ‘

In addition to the road testing demonstration program,
experimental electric test vehiéies with advanced technology are
being developed. These include the Electric Test Vehicle (ETV-1),
developed by the GE/Chrysler/Globe team for DOE, which has |
demonstrated an overall propulsion efficiency of 76Z. The
 .regenera;1ve braking system of the ETV—l'ihcreésed the energy
,'effic;en;y of the battery by 19%, based on energy input during the
charging cycle. Another vehicle, the ETVQZ, devélopéd for DOE by
the Garreﬁt Corporation, has been delivefed.and is under dynamometer
‘laboratory and road tréck teé?ihg at the Jet Propulsion Laboratory
(JPL). The proéulsién system includes a composite»flywheei fdr
‘regenerative braking} The dynamometer testé'fndicated a top vehicle
speed of 60 mph and an urban driving fange of 70 miles. The pover
source is an Eagle ficher tubulgr positivé'leadéacid battefy‘with a
specific energy.of 40Wh/kg. | |

© A Hyb;idllntegrated Test Véhicle (HTV-1) 1is being develbped for
DOE by a GE/VW team. It consists of an internal combustion engine
and a small battery pack. An'SO—HP Volkswageﬁ engine with a quick
on and off capability is utilized. The hybrid concept results in a
vehicle that is not range»limitéd, but conserves betro}edm in urban

use when operating on battery power.



Advanced vehicle concepts such as fuel cells, alqminum/air and
zinc/bromine batteries, and electrified roadways are also being
investigated. In addition, propulsion system components such as
advanced_technology'motors and controllers are under development. A
complete alternating current_propulsion system iﬁcluding the
traction motor, céntroller, transaxle, and charger has been
developed in the program in a cost?shared contraét with the Eaton
Corpofation.

Experimental aqueous battery’technoiogy development for
electric vehicle application continues to be a top priority in the
program. Battery types under develoﬁment include improved
lead-acid, iron/nickel-oxide, zinc/niCkel;oxide, and zinc/chlorine.
The integration of complete vehicle sets of iron/nickel-oxide and
advanced lead-acid experimental batteries into test vehicles is
- being carried out by JPL. éoals for batteries for improved ETVs are
, illustrated in Figure 3.

Walsh and coﬁorkers"at Argonne National Laboratory (ANL) have
undertaken the development of a method for establishing Battery
research,and‘developmenf goals which are optimum for electric‘
vehicle applications. - The-methdd has the fdllowing features:

° | Comprehensive modeli;g of key batﬁery relationships;

. Avoidance of premature specification of battery or vehicle
characteristics;

e  Identification of range, acéeleration,(and payload which
match electric vehicle mission requirements; and

° Optimization using minimum ownership—-cost criterion.
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FIGURE 3
PROJECTED GOALS FOR BATTERY TECHNOLOGY
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The output of the analytical method, the battery characteristics,
enables the identificatiog of battery goals which match DOE
objectives.

A closed-form mathematical solution has been developed and
sample computations were compiled to illustrate the technique. The
battery system seiected was sodium/sulfur for application in fleets
of light trucks and autos. The total discounted user cost per km
was the minimization parameter selected. Figure 4 illustrates the
results of the gomputation. The results emphasize the importance of
specific energy for achieving long-range electric vehicles and a
high market penetration.

Further improvements in the analysis are anticipated by
'including the:

° iNational Personal Transportation Study data base;

e Cost/power/energy inter-relationships; and

e Cycle life/depth-of-discharge relationship.

2.1.1 TFuture Vehicle Requirements .

Fofrestvof the Aefospace Corporatioﬁ is analyzing the vehicle
requirements for third-generation electric Vehicles. The objéctive
~ of his study 1is to define the vehicle charécteristics that will be
required to acéommodate advanced batteries. This is to help
determine the need for vehiclé résearch and development in order to

realize the full capability of advanced battery propulsion systems
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for electric vehicles. The batteries included in this study are:
sodium/sulfur, lithium/metal-sulfide, and aluminum/air.

The focus of the study has been on four-passenger véhicles
using the Chevrolet Citation as the reference vehicle. A lower
weight or smaller s;ze vehicle will further restrict packaging
volume and lowering the trunk or tray to accommodate the batfery
will substantially reduce the ground clearance. The feasibility of
packaging the lithium/iron-sulfide battery between the seats'
console arrangement by éiercing the fife-wall and extending into the
engine compértment was examined. This battery space configuration |
could accomodate a 45-inch long battery tﬁnnel and enable a 50%
increase in battery capacity relative to the front. battery module
packaged in a modified-Citation eleétric vehicle.

The study of the accommodation of the zinc/chlorine battery in
the Citation vehicle found that the maximum feasible battery size isv
36kWh. The resulting vehicle would be significantly heavier than
the stock Citation. The electric vehicle"also would have an
undesirable front-to-rear weight distribution.

2.1.2 Electric Vehicle Battery Resource Availability

Future resource availability is important to all battery
appiications. A study of the materials impacts of battery
deyelopment has been conduéted by Hittman Associates. -Thevfirm's
estimates of future battery production ;how tﬁat lead—-acid batteries

will account for most of the battery production between 1980 and
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2000 even if vehicle and load-leveling markets grow at high rates

(Figure 5). - Ingadditién to the market projection, the study

evaluated:
® The supplies of mineral resources for batteries;
0 ~ The manufacturing investments required for battery

production; and :

° The effects of supply interruptions on battery
commercialization.

The results of the study, in addition to the projected

accumulated demand for batteries, included:

® Investments for battery manufacture are likely to be
between $10 and $30/kWh/yr of production. '

° The most critical materials affecting battery production
are lead, nickel, titanium, and lithium.

A more detailed anélysis of nickel availability was carried out
by Tﬁffnell of International Nickel Co. Tﬁis study was not
sponéored by DOE but ié included because of-the potentiai importance
. of nickel in future battery systems suchvas Fe/Nib(OH) and
Zn/NiO(0H). Production scepérios were bésed on 4%, 10%, and 20%
electric véhicle (ﬁV) penetration in Qorid markets by 2010. Other
assumptions included: | | |

e An initial (1985) nickel battery penetration of 50%
decreasing to 30Z (1995) and to 15% (2005);

"® An average nickel content of 200 1bs per EV battery;
® Batter§ life of 5 years;
‘e Vehicle life of 15 years; and

e Nickel recovery from spent batteries of 95%.
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Lead-Acid (S) 3.17%
0.073 Million MWh

Near-Term (V) 17.19%
0.396 Million MWh

Lead-Acid (V) 56.64%
1.305 Million MWh

Near-Term (S) 4.77%
0.11 Million MWh

Advanced (V) 10.94%
0.252 Million MWh

Advanced (S) 7.29%
0.168 Million MWh

Total: 2.303 Million MWh

S - Stationary Batteries

V - Vehicle Batteries (includes
vehicle starting, lighting,
and ignition batteries)

FIGURE 5
CUMULATIVE DEMAND FOR STORAGE BATTERIES (1980-2000)

2-9




Depending on the EV penetration, the scenario led to an annual
nickel production peaking at 60, 150, ahdh250 million pounds between
.the years 2000 apd 2005 for the three penetration rates. The
reciamation of nickel from speht:battepigs was fqund to be a highly
important factor in limiting demand. The>three‘scénarios required
0.7%, 2;4%, and‘4.é%,-respecti;eiy,'of thé world nickel feserves..
It was‘coﬁcluded that worldrnickel feserves were adequate to meet
these demands, but the nickél indugtry would require én adeéuate
lead time to meet the incre;sed nickel demand.

Thé staths'of DOE-supported sﬁudies on technolggy forvthef
recovery ofvspeht battery méteriéls is féviewéd in Section 6.

2.1.3 Electric Vehicle Energy Analysis

The dominance of the'eleétriCal energy reqﬁired for thé cycling
of sécondary batferies~{n thé’life-cycle energy demand was nqted in
SRfIIa. Ipe stﬁdy,lby Suliivan of Hittman Associates, of the energy
~demand over ﬁhe battéryﬁlifetim¢ has been éxtended to addi;ional.
systems.bbThe analysis'inéiudéé a détailed coﬁsideration of
matefiais_and energy réq#i;ements fdt each.of the systems stuqied.
The results forvthe~energy used for component materials, battery
ﬁanufacture, 1ifetimel¢ycligg énergy; and energy saved through'
materials recovered are include&iin.?éble.ll.. For the secondary
batteries there is a greater variation in operating energy than‘in

total energy. The high energy cost in the production and recovery

t
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T1-2

TABLE II

BATTERY ENERGY REQUIREMENTS FOR 100,000 MILES OF

OPERATION

(Btu x 103 per 105 miles)?

. _ : Sodium Lithium/

Lead~ Zinc/ Iron/ Zinc/ Sulfur " Metal Aluminum

Acid Nickel-Oxide - Nickel-Oxide N Chlorine Ceramic Sulfide Air
Materials Production - 6,181 27,928 17,933 - ) 11,652 30,290 28,598 24,514
Battery Manufacture 3,108 1,829 8,293 3,885 10,098 9,534 8,169
Operating Energy 293,400 -~ 278,900 308,800 338,600 289,200 256,800 923,600
Recycling Energy - (5,282) (3,592) (552) (4,243) (3,509) (3,815)
Total Energy 302,689 - 303,375 331,434 353,585 325,345 291,423 952,468

aReplacement batteries not included in energy estimate.

bNot a secondary battery, recharged mechanically.



of aluminum accounts for the much higher lifetime energy required by
the aluminum/air battery system.
The conclusions reached in this study were:

° The shift in fuel sources——from'petroleum to coal and
natural gas—--made possible by batteries far exceeds the
energy invested. to produce the batteries;

° Life cycle battery energy use is highly sensitive to
overall battery efficiency, and -

. The investment energy (materials production and bettery
manufacture) is highly dependent on cycle life.

2.1.4 Health and Environmental Impact of Batteries for
Electric Vehicles

The studies of.Argonne Netional Laboratory concerning the
ecological and biomedical effects of commercializatien of eleetric
vehicles, reported in SR—II,'have been extende&.‘ The scenario used-
has remaiﬁed'the same : |

] Market penetration by the year 2000, 3 million lead-acid
batteries and 8 million Zn/NiO(OH) or Fe/NiO(OH); and

. One megawatt of installed poWer required for each 40 EVs.
The complete lead-acid batter}iproduction rroeess, from ﬁining
through spent battery recovery, ie depieted in Figure 6.(6) " The
stages during the process leading to emissions which could cause
health and/or environmental concerns are indicated. ' The eetiﬁated
emissions, based en a;66% increasevin lead mining and milling needed

to meet the increased lead-acid battery demand, would increase

markedly. The lead, arsenic, and antimony aerial and wastewater

discharges could cause adverse health and écological impacts within

2-12



€1-¢

PRIMARY LEAD

MINING Emissions
Emissions _ _ : Emissions
1
MILLING
\
SMELTING ANTIMONY. |
-} REFINING SMELTING I} )
Emissions N REFINING - Emissions Emissions
T
CASE AND COVERS 14.5 kg/day
{ . » {
H,S0 3 RY LE 9.6 kg/day | gaATTERY
2°Y, BATTER NUFACTURE SECONDARY LEAD - ,
Y MANUFACTURE (o SMELTING REFINING BREAKING
y T 9.6 kyg/day :
24.1 kg/day, i
Cu ;
CYCLE LOSS jrm—p 9.6 kg/day
SEPARATORS |
21.9 kg/day
j 21.9 kg/day |USE IN _ 9.6 kg/day '
EXPANDER ¥:g¥iigRT o ELECTRIC VEHICLES Téﬁﬁgﬁg;T
1 MWh = 28,600 kg
OTHER = l
o Emissions
Source: Reference 6.

FIGURE 6 -

THE STATE-OF-THE-ART LEAD- ACID BATTERY CYCLE FOR

ELECTRIC VEHICLES




several kilometers of opergtions. Ihe closed-space recharging of
‘lead-acid batterieé could create hazardous amounts of stibine and
arsiné‘in closed garages used in home recharging. However, the

t;end toward calcium allpyéd grids and decreased arsenic and

antimony in the cell cémponents can lead to a marked decrease in the -
potential hazard of arsenic and antimony. The increaséd produc;ion

of lead will also leaa to an increase in sulfur dioxide emissions.

The increase& production of nickel and zinc will further increase
sulfur dioxide émissions. With thé exception Qf zinc anode sludge,
formed during the electrolytic recoféry of zinc, the metal/nickel-
oxide batteries.emit few materials that are clgssified as hazardous
wastes under Section 2001 of the Resource Conservation and Recovery
Act. However, exposure to niékel and its compounds during nickel \
récovery and processing has been tovsh0wn ;o‘ca;se an Increased |
ﬂincidence of various ailments.

To obtain more spécific information on possible healtﬁ effects, -
the ANL staff has developed ;%noﬁ-@nteracti?e;dispersipn_model for
the various potential pollutants in the total battery production and
use process.(6) The pollutants considered werenlead; sulfur,
copper, nickei, cadmium, zinc, and antimony. Based on this médel,
there is a greater potential for adverse responses to lead over

background levels at distances of 5 to 15 km from the mine-mill

" complex. The model projects that electric vehicles may penetrate



the market to the point at which an increasing number of persons
suffer a greater risk of exposure to lead, antimony, and cadmium.

Hazard assessment of eleétric vehicle bétferies has been
continued at Factory Mutual Engineering Corporation. Zalosh has
extended the fault-tree analysis, described fof hydrogen—oxygen
explosions in SR-II, to other hazards. These include electrical
shocks, acid/caustic electrol&te burns, thermal gontaﬁt burns,
halogen releases, and sodium-sulfur fires.

Based on the analysis of the hydrogen-oxygen systeﬁs}‘the most
poﬁular alternative protection measures are hydrogen-oxygen- |
recombiners and vent lines equipped.with flame arresters. The
hydrogen venting option has also beeh evaluated.

Hazards from hypothetical sodium and sbdium—sulfur fires were
also evaluated. It was assumed that the dominant hazard outside of

the immediate fire vicinity was due to the dispersal of toxie

- combustion products, such as sodium oxide aerosols and sulfur

dioxide. The generation of these two agents was calculated for
various pool sizes and spray fire configurations.

2.1.5 Fuel Cells for Transport

The use of fuel ceils for transportation has been considered

(7)

from time to time for more than a quarter of a century.

McCormick et al. reéviewed the application of fuel cells to

9 (8

transportation in 197 evaluating their technical and economic

"feasibility. The specific applications considered were city and
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_highway buses, delivery vans, and passenger cars. Using a los
Alamos~developed computer simulation model, they concluded that
these applications are technically feasible. The computer modeling
was éssisted by the design and instrumentation of a
fuel-cell-powered golf cart. |

The fuel-celi power plant schematic used is shown in Figure 7.
It is based on reforming methanol fo produce hydrogen. The hydrogen
and air are reacted in a 15kW phbsphoric—acid fuél cell (PAFC).
Supplementing the fuel cell is a battéry pack containiﬁg four
24—volt batteries. Thé inclpSion of the fuel cell and battery in an-
automobile is shown in Figure 8.

The Los Alamos vehicle_simulation model, as reported by Lynn,
described the vehicle in terms of meésureable input/output variables
such as voltage, current, fuel éonsumption, torque, and angular

?velocity; Measured‘valueé-were used to describe each variable 1p
the simulation»program.‘vThe schematic of the vehicle configuration
and some of the resultant vehicle pérforménceécharaéteristics are
-shown in Figure 9.

In addition to having the poténﬁial for producing vehicles with
performance comparable to that of vehicles with internal combustion
engines, the fuel-cell battery hybrid vehicle offers.highér |
efficiency, lower pollutibn,'énd_the use of fuels that can be

derived from non-petroleum sources, such as methanol from coal.
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Srinivasan and éoworkers ét Los Alamos have reviewad the
current status of fuel cells which are being developed or have been
investigated for other éﬁplications. Of these they considered the
fuel, fuel-cell combinations,.shown in Table III,Aas the most
promising for transport applications. The most highly developed of
these is the methanol PAFC which has been emphasized by the
Department ofvthe Army; "In addition, fhe PAFC'haS been highly
developed_under the_joint efforts of DOE, the Electric Power
Research Institute (EPRI), the Gas Research Institute (GRI), and
cooperating utilifiesrfor utility and other‘aﬁplica;ions; ‘ The
feview of Srinivasan also outlines areéé of research oﬂ fuel cgils
for electrig.vehicles. The major-activityvﬁhich has_greatest
relevance to fuel cells, ﬁecéuse of 1its potential for decreasing
cgll operating temperature, is that of superacid fuel cells. The
potential for ceil performance improvemeﬁt through the use of one of
these acids, trifluoromethane sulfonic aCid, was first shown by
Adams -and Foley in rese;rch sponéored by the Debartment ofbfhe
vAfmy.(g) | |

2.2 Distributed Energy Systems

The use of storége batteries at distributed sites t6 decrease

' eléctric peak-load generating capacity requirémenté is a joint
effort of the DOE, EPRI, and Public Service Eleétricvand Gas
Company. Within DOE it is a collaborative effort of the ECS and the

\

Electric Energy Systems (EES) Progréms. The overall EES program was

2-20



Tz-¢

TABLE, ITI

PROMISING TYPES OF FUEL CELLS FOR ELECTRIC VEHICLES

_ Operating A
Fuel Electrolyte Témperature Electrocatalysts
Methanol 857%-1007 HSPO4 150-225 C Pt;_Intermetallics; Non-metals (organic,
' -inorganic) : '
Hydrogen ©25%-50% KOH 60-90 C Pt; Ni; Ag with and without additives:
' ' alloys, intermetalics, non-metals
(inorganic, organic)
Methanol NAFION 80-150 C Pt; Intermetallics; Non-metals (organic,
oo “inorganic) '
Methanol - Superacid "60-150 C Pt; Intérmetallics; Non-metals (organic,
TFMSA, Higher ' inorganic)
Homologs :

Note: TFMSA = Trifluormethanesulfonic acid.



described at the conference by L. Rogers, the former program
director. The major effort related to fhe utilization of batteries
in electrical utility systems is the BEST (Battery Energy Storage
Test) facility. Tﬁis facility, designed, Built, and to be operated
by the Public Service Electric and Gas Coﬁpany, was dedicated in May
1981. The purpose‘of tﬁe BEST facility ié to test and eﬁaluafe the
opérating characteristics of battery systems and pover conversiqn
equipment in a utility enviromment. The components of the system
and the test plan Weré de;ailed in SR-II. |

Public Service Electric and Gas 1is cbhtinuiqg-to assess
technical and economic aspects of electrochemiéél'eﬁergy'storage
systems. The comp#ny is wofking on tﬁe'déﬁelbﬁﬁent and application
of é consistgﬁt méthodolbgy for analytical, technical, and economic
assessmént$ of electrochemical energy.storage systems. (4)2 The
four battéry systéms included in ﬁhe assessment are:ﬂ

e Zinc/chlorine;

° Sqdiﬁm/sulfur; i |

. Lithium—élloY/ifon—sulfide; and

e Advanced lead-acid.
Each sfstem is to be examinéé-for the balance of plant reﬁuirements
to satisfy major environmentél, sa{ety, régulatory, and construction
issues. As part of the overall technical assessment a generic

electrochemical energy storage system has been defined. This

baseline system would cost approximately_$600/kW.(in 1979 dollars),
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have 5 hours of storage, be approximately 70% efficient, and require
approximately 7 hours to recharge. This analysis treats the battery
system as a "black box" and takes into account the battery system "
costs but not costs for the plant, land, or land preparation. This
baseline system is being redefined and was expected to be completed
in January 1982. The technology of the batterieg for the BEST
facility are discussed below in Sections 3 to 5, which concern
. battery research and development.. Their characteristics are
compargd with system goals. |

A system stability impact assessment to exémine the dynamic
interactiop of dispersed storage devices and'power systems has been
initiated. Battery and cﬁnverfer models are béing defined for use
in the stability model. The EPRI transient stability computer
program is beiﬁg modified to aécoﬁmpdate the battery and converter
models. In the future, extensive compufer analysis will be utilized
to thoroughly assess the impagt of battery emergy storage on system
stability and performancé. | |

bEconomic‘assessments are being conducted to idehtify the impact
of battery systems on generation systemvdispatch for an optimally
expanded (éxcluding-energy storage) reference utility system. This
is being ﬁsed ﬁo estimate thé system production cost benefits for
vérying levels of market penetration of ad&anced battery storage.
To accomplish this, advanced ﬁatteries are substituted in the

~reference system for intermediate and peaking duty in the generation
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mix. In addition, capltal costs or equivalent savings attributable
to the following\advanced battery parameters for the reference
system are to be identified:

e Storage system life and .salvage value;

o Battery availability;

e Transmission and distrlbution savings resulting from
" dispersed siting;

e Participation in carrying system spinning reserve; and

e Effective battery capacity.

A simplified analysis of the impact of battery systems on two
extreme expansions of the reference utility system has been
completed for an all»base—loadvunit expansion and a soft—technology
expansion. | |

Public Service Electric andAGas.Company was to initiate, during
the 1981 fiscal year, a review of existing battery cost estimating -
techniquesras a basisvfcr estimating battery manufacturing costs.
lhe goal is to develcp a standard computeriaed battery cost
methodology for estimating‘the capital cost:ofia battery system,
including costs for the-plant; This methodology will determine
sensitivities to- changes in the cost of credit, labor, and raw
materials, as Well as battery manufacturing process considerations
and plant parameters.

An alternative method of using battery storage is on the

customer side of the meter. This has been evaluated by Bates and

2-24



coworkers at Battélle Columbus Laborétories._ The study was directed
toward evaluation of the following:

® The issues of battery system design;

e The economics of battery storage for electricity'customers;

e Institutional and envirommental concerns for battery users;
and

™ ﬂarket potentiél on the customer side of the meter.

The baseline system used in the study was the lead—acid battery
because of its availability for near-term evaluation. The battery
characteristics used are shown in Table IV.  Baseline systems costs
were calculated uéing power level as a parameter. A power range of
2 to 20;OOOkW.was used. The results are shown in Table V. The DOE
cost goal, $65/kWﬁ—ac; is lower than that calculated for the |
baseline case. The economic viabili;y of the baseline storage
system was found to be greatest for custémers with large rate
 'd1fferent1a1s associated with present rate schedules. The economic
viability was also found to be impacted by the level of demand

charges (capital utilization charge), the du:atioﬁ of the battery
system discharge, and'ﬁhe cost bf_the‘battery storage syséem.
It was further concluded that the achieveﬁent of the DOE battery
cost goals will significantly improve economic viability. Several
organizations were identified as potentialvdeﬁonstration program
participants.

Strnisa of the New York Energy Research and Development

Authority (NY ERDA) is studying a specific customer-side-of-
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TABLE IV

DISPERSED APPLICATIONS FOR THE BASELINE BATTERY SYSTEM

Type: - _ Lead-Acid y
Energy: '100 MWh
* Charge: - | . 7-hr + 2- to 3—ﬁr Tépef
: Design Rate: _ .‘5;hr Discharge
) Voltage: . § .1,505 VOlts.ﬁC:(minimum)
.Power:‘:"' 20 MW (éonétaht)
- Life: . | 2,000 Cycles
Cost Status: ‘.Mature Plant

Source: Reference 3, Battelle. _
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TABLE V
BATTERY SYSTEM CHARACTERISTICS FOR VARIOUS

CUSTOMERS -
. Possible
Power Energy Line Voltage System Cost Customer
Example (kW) (kwh) (volts-A€) - ($/kWh-AC) Application
1 20,000 100,000 15,000 140 Large industrial
1 1,000 5,000 © 15,000 162 Small industrial -
3 40 200 440 194 Small commercial
4 2 10 220 241 Small

residential




\

the-meter battgry sforage applicafion. This is to meet the.mbrning
and evening peak loads of the New York City subway systems. Figure
“10 shows the estimated effect of battery storage on the electriéity
demand of the subway systém. Note the projected impacf of peak
shaving by means of ba;teries on the power demand curve (heévy black
line). The high poﬁer peaké of present day operations legd to high
demand charges which represent 40% to 60% of the transit system

- power cost. The reduced demand charge is one of the potential
benefits to the NYC Transit Authority of battery storage. Other
projected benefits to the subway system are the frovision of g
receptor for rggenérative braking, if this should be applied to
subway trains, and increased safety by providing limited train
operation In the event of a utility power failure. The major
benefit forseen for the utility is load management with the
rgsulting potential»for petroleum coﬁserv#tion and the deferment of
néw generation capacitx.i o

2.3 'Solar AppliCationé

Santopietro of the DOE Pﬁqtovoltaics Program of thg Office of
the Deputy Assistant for Repewéble Energy described current
photovoltaic (PV) energy demonstration projects. :Some of these
include battery storage systeps. The followiné are some gxamples:

'® A 25kW power source for irrigation; |

e A 3.5kw-pOWer source for an Indian village;

® Telecommunications;
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e Navigational aids; and
'@ Cathodic protection.

Developments in present technology silicon photovoltaic solar cells
are continuing to\reduce the. cost of PV energy sources. 'The
projected ultimate cost is ofvfhe_order‘of 70 cents per peak watt.

Program responsibility for efforts concerning Batteries for
Specific Solar Applications (BSSA) is centered at th; Sandia .
National Laboratofies (SNL). Clark, director of SNL activities,
said, in his.overview at the 1981 conferénce, that the BSSA program
goal is to develop storage battéfy teégnology in suppoft‘of‘various
DOE solar miésiohs. Initial emphasis' is on PV systems, however,
there is an increasingvinterest in wind systems. The program plan
vingiudes: |

e Analyzing battery.requirements;

e Surveying the current battery state—of-the-art;

(] Conducting'labofatory verification of requifemeﬁts.apalysisg

o Engaging in réseagch-and develoﬁment; 5nd

® Developlthe resulting technology.’
In this section emphasis is placed on the firét three parts of the
program. The reseérch and aevelopment activities will be reviewed

in the éections devoted to specific battery systems.

2.3.1 Battery Requirements Analysis for Solar Applications
The objectives of the battery requirements analysis program are

to determine the.economic feasibility of systeﬁ battery storage and
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to define specific battery requirements. To aid in achieving these
objectives the SOLSTOR (solar energy storage) éomputer program was.
developéd.‘ The SOLSTOR program and soﬁe of its initial results were
described in SR-II. Some of the PV battery system features included
in the model are:

e PV only of combined PV thermal system;

® Residential or commercial loads;

° Utility.connected or stand-alone PV-battery combinations;

e Variable utility pricing including time~of-day (TOD)
pricing, seasonal pricing, and sell-back to the utility;

e Hourly simulation over 1 year;
o Minimization parémeter of the level annual cost; and

e Collector size, storage size, and poﬁer ¢onditioning rating
varied to obtain least cost.

Included in SR-II were results for PV battery systems in the case of
grid-connected residenceé. The primary requirements witﬁ respect to
the batteries for the grid-éonnected residence scenario were:

e Low cost $100/kWh;

e Long life (20 yrs); and

‘e Low maintenance costs ($1 to $2/kWh/yr).
These,requireménts cannot be met with present day batteries.A

The SOLSTOR program was glso used to help define monthly
performance factors such as the expected charge—discharge profile.
Depending én'the scenario used, the computations showed large

differences in the Battery average state—of-charge (SOC) profile.
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" More spécifically,'when low sell-back ratios were assumed, the
avérage SOC is low, with long periods when thé SOC is essentially
zero. Conversely, with high TOD price ratios, the average SOC is
quite highvbecause the battery is charged every night with cheap
off;peak electricity. The sell-back and TOD price considerations
require~deve16pment of a battery that is quite insensitive to the
SOC.

The SOLSTOR code has been expanded with the addition of a
stand—alone model. 1In this version, the backup energy.is suﬁplied
by an on-site, fossil-fueled generator rather than by the utility
v grid. Since on-site generators are subject to wear and replacement,
different operating strategies were required for thé stand-alone

systems.

The:computational capability has been extended to explore how
kﬁbwledge of weather and load beneéits the system. The inclusion in
the model of an assumed #redictibn of weather data for an arbitrary
period of time was used to calcuiate an uppef bound on system
pefformance. Even the uée of expected weather patterns based on
past pa%terns gave improved performance predictioﬁs. However, tﬁé

-prediction only benefits systems~vhere the utility offers TOD
rates.(g)

Mueller and cowo%kers at ANL are cooperating with Sandia on

photovoltaic (PV) battery energy systems assessments. The ANL

. group, using the ANL SIMSTOR (simulated storage computer program)
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have compared customer owned PV battery storage with utility 6wned
PV battery storage. This was done for PV battery storage market
penetrations of up to 30%Z. At low PV penetrations, battery
dischargé periods of 4 to 6 hours were optimum and storage
capacitles were relatively insensitive to the PV level of.
penetfation. Invseieral utility systems, high penetration of PV
systems tended to significantly narrow peék loads, increasing the
need for batteries with higher discharge cépabilities.

A cost trade-off to determine optimum battery location--
substation, commercial, or residential customer——waé conducteda The
economy of scalé for both batteries and AC/DC conversion equipment
waé used in the analysis. The projected battery costs, especially
for flow batteries, were found to incréése sharply at the smaller
slzes appropriate to residential-scale systems. The énélytical
rgsults éhowed no conclusive reasén for dispersing batteries beyond
the substation level. |

2.3.2 Battery Requirements for Solar Applications

Although the studies of PV battery storage systems are still
incomplete, they have provided guidance concerning battery
requifements and testing procedures. Particular classes of
applications have battery requirements reflecting their particular
duty cycles. In spite of these differences, some generalizations

"have been made.
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Generally, battery storage systems must have shallow and deep
discharge opérating capabilities. The shailow discharges are more
typical of stand-alone systems that need a large capacity-to—load
‘ratio. The longer the storage system must be capable of power
delivery, the shallower is the average individual cycle. These
shallow daily or short time cycles are superimposed on deeper
'seésonal cycles. On the other hand, deep discharge cycles are
typical of grid-connected operations. -

In(spite of the above differences, the two operations have some
commonalities. Both undergo‘fluctuaiions in the charge and
discharge characteristics due to variations in i;solation and load.
As noted in Section 2.3.1, these variations,-which are weather
dependent, are presently not predictable with the needed accuracy.

: Like utility batteries, solar.storage systems should have a
long 1lifetime; on the order of 20 yvears. Estimates of acéeptable
battery costs are appfoximatély $100 to $150/kWh for grid-connected
systems and $200/kWh.}or staéd—aloﬁe syséemsi The battery systems
' ﬁust also havellow m#intenancg costs and; for stand-alone remote
appliéationé, be virtually mainténance free and capable of a, high
degree of autpmation., |

‘The above and related studies led to tﬁe selection of batteries
for further study. The work of Chamberlin at Sandia strongly favors
flow type batteries, such as tﬁe>zinc/bromine batteries being devel-

oped by Exxon and Gould, which appear to be suitable for numerous
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applications. Sandia is also providing funding for ﬁhe National
Aeronauéics and Space Administration's (NASA's) iron/chropium redbx
battéry; Only limited applications have been identified for this
system. Initial battery scréening,studies at ANL have identifiéd a
number of batteries as attractive candidafes. Grouped by general
application, they are:
® Residential
v Lead;acid
Zinc/bromine
e Commercial and utility scale
:21nc/bromine
Zinc/chlorine
Sodium/sulfur
‘Lead-acid
viithium/metal-sulfide
e Slow discharge applications
Redox batteries
Hittman Assoclates has reviewed battery systems for their
compatability'with various applications. Eleven battery systems
ﬁere included iﬂ six applications scenarios. :Three factors were
coﬁsidered in making the batfery selection: | |
° Cost} |
o Safety and health; and

e Reliability and maintainability.
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Téble'VI summarizes the results of the sfudy for non—militarj
appiications.

While there are differences in the various batteryrsystem
selections, ANL, Hitﬁman, and Sandia all appeared to select the
zinc/bromine system for further deve1opment_for PV battery systems.
vThe lead-acid battery is a general choice .for use, especially in
near—term systems evaluations. The studies which producéd these
tentativg'results}have‘not yet been published in detail and the
aséumptions leading to the vafiation in cqnclusions should be

thoroughly analyzed.

2.3.3 Battery Test Program

SNL is establishing a facility for testing'batteriés'under
simulated PV battery system conditions for various solar
applications. The test progréms are to be computer controlled. The
batteries will be exposed to one or more of the following: |

e Long-term perfor@ance testing;

. Accelerated‘lifeitestiﬁé; and

e Simulated photovbltaic.power syétem opérational testing.
The initial ﬁest program involves fbur'types of batteries:

o Commercially available lead-acid;

. Deep-discharge sealed lead—aci&;

) .Zinc/bromine circﬁléting electrolyte; and

e Chromium/iron redox.
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TABLE VI

BATTERIES FOR PHOTOVOLTAIC SYSTEMS APPLICATIONS

Application

Residential

Daify Farm

Village Utility - Office’
Location Denver, Colorado Africa Howard County, Arizona Washington, D.C.
o (single family) Maryland (Population 10,000) (50,000 ft2)
Installation Grid-Connected Stand-Alone | Onsite, Generator Grid-Connected Onsite, Generator
' Backup Backup
Battery
Lead-Acid X X X X
Redox . X
Zinc/Bromine X X X
Zinc/Chlorine X
Calcium/Metal X
Sulfide
Zinc/Ferricy-
anide




Test programs haQe been set for deep—discharge, full state-of-
charge; deep—discharge, partial state—of—chaige; and shallow-
discharge, partial state—of—charge testing. The test cycle for the
deep—diécharge, partial state-of-charge test 1s shown in Figure 11.

2.4 Technology Information System

The TechnicalvInformation.System (T1S) at the Léwrence Livermore
National Laboratory (LLNL) provides nationwide information concerning
management, modeling, communications, and networking for the DOE
conservation technology activities. TIS_isva hew—gener;tion infor—.
vmation machine that stores programmatic information. It conneéts
automatiéally to other information centers and computers wheﬁ'
additional information and models are needed. 'Authorized users
simﬁly specify the name of the desired resource.

As of‘Jﬁne 1981,'information was available conqerning
transportatioﬁ statistics, data froﬁ-the National Battery Test
Laboratory (described ig SR—I'gpd SR-I1), and #he BEST facility.

TIS electric vehicle mohels iﬁélude the LLﬁL hébrid systems model,
the EXXON electric vehicle ecoﬁometric model, and the JPL electric
vehicle performancé mpdel. Aﬁditional battery'and electrochemical
infofmation'can be included to provide a common base for the ongoing
programs.

| TIS also offers services such as electronic mail, polling,

conferencing, and report writing or editing. TIS interconnects to
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electronic text processors, making i1t possible to transfer
memoranda, illustrations, and reports. It is available by regular
national and other telephone services.

2.5 The National Battery Advisory'COmmittee

The National Battery Advisory Committee (NBAC) was formed in
1976 to serve in an advisory capacity to the battery elemenfs of the
ECS program. Members are battefy exﬁerts representing industry,
universities, the national laboratories, and government. The NBAC
functions through five subcommittees:

° Planning; |

K Demonstrétion andvcommercialization;

e Standards and specificatioﬁs;

e Data and communications; and

° Resources.and conservation.
Ebs hasva member on each subcommittee who is responsible for
transmi;ting results of%éubcomm;ttée délibe;afions to the program .
directors. The activityes of iﬁe subcommittees are coordinated by
an executive committee. ' A general meeting of the committee 1s held
annually for a review of activities and tb discuss matters of

overall concern.
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3.0 AQUEOUS MOBILE BATTERY RESEARCH AND DEVELOPMENT

The major effort concerning aqueous moBile batterie; (formerly
called near-term batteries) is in response to the needs of the
electric vehiclé (EV) program. = Included are battery systems which,
when the EV prog?am was initiated under the Electric and Hybrid
Vehicle Research, De?elopment, and Demonstraﬁion Act of 1976, were
projected as being available for demonstration around 1985. The
relatiénship bf the Mobile Applications Subelement, for which the
aqueous batteriés are being developed, and the EV program is
indicéted by the large fraction of the subelémeﬁt effort that is
fﬁnded by the EV pfogram (see Table I above). ‘The bétteries
included in this effor; are:

Lead-acid;

Iron/nickel-oxide; and

 Zinc/nickel-oxide.

The zinc/chlorine or zinc-chloride EV battery, which was descfiﬁed
in SR-I and SR-II, will not be included in this review. The present
éffort is being continuedvby Energy Developmenﬁ Associates (EﬁA).
That company has elected to continue its efforts without government
funding..

The aqueous battery research and development technology efforts
for the'mébile aﬁd dispersed battery applications subeleménts are

under the management of the Argonne National Laboratory (ANL). The



solar applications battery development activities are being managed

by the Sandia National Laboratories (SNL).

N

Table VII lists the participanté in the Mobile Applications

- Subelement technology program, the contract period, and tﬁe contract
value (industrial and governmental support). Table VIII lists the
aquéous mobile (formerly neaf-ierm.EV) battery development goals and
- expected vehicle performance; The 1ead-écid.battery contractors and
the battery ﬁerformance goals for‘the dispersed and solar applica-
tions afe inéluded in the review of fhe specific battery investiga-

. tions. Figure 12 shows the progress from 1977 to March 1981 toward

/7

meeting the EV battery performance goals. Note that the batterles

included are in an earlier stage of development than those described

¢

in the folloWihg sections.

3.1 »The LeadQAcid Batteries

Improved st?te-of—the—art (ISOA) lead-acid battgriés are being
developed for.all th;ee applications'teChnologies.v Most of the .
emphasis on the advaéced le;a-acid batterf fs reiated.to the mobiie
application, the most demanding in terms of specific energy and
specific power.r In this Sectioﬁ,>the statug of the ISOA and
advanced battery developments and the relafed supportingrresearch

are reviewed.

3.1.1 1IS0A Lead—Aéid Batteries for Mobile Applications
The various contractors' approaches to improved state-

- of-the—art (ISOA) and advanééd 1éad-acid batteries for mobile
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TABLE VII
MOBILE APPLICATIONS PROGRAM CONTRACTORS

‘ Contract - Contract Valuea

Battery Type Contractor Peripd _ _ ($1,000)
Lead-Acid Eltra 04/78-05/81 . 2,580

Exide ‘  02/78-01/82 — 3,386
Globe . 03/78-09/81 4,633
Nickel/Iron ' Eagle-Picher/SU £ 03/78-09/81 2,988
' Westinghouse 12/77-09/81 3,022
Nickel/zinc - | Exide | © 04/79-03/82 1,200
: Energy Research Corp. - 02/78-09/81 3,608
Gould 01/78-01/81 6,736
Yardney . 07/77-05/79 1,000
Zinc/Chloride oA  11/79-12/80° 1,433

a
Includes contractor's share.

Terminated by_mutual agreement.
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TABLE VIII

NEAR-TERM MOBILE APPLICATIONS PERFORMANCE GOALS

Battery Parameters

Development
Goals

Ekpected Vehicle'
a
Performance

Specific Energy

Specific Powerb
Cycle Life

OEMC Price

56 Wh/kg (C/3 rate)

104 W/kg (30-sec peak)

800 cycles (to 80% DOD)

$70/kih

100 miles/charge (SAE J227 aD
urban driving)

Acceleration 0O to 30 mph in 8 secs

" >60,000 miles (life)

~$2,000 battery cost

%Based on DOE/ETV-1 vehicle with regenerative braking.”

Specific power is measured'at’50% DOD.

COEM = Original Equipment Manufacturer.
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applications vary, and the greatest differences lie in their efforts

to develop advanced batteries.

The approach éf Globe to the ISOA battery has been the
- simultaneous optimization_of cell design, materials selection, and
the manufacturing process.' This has led to the successful design
and moldiné’of lafge, lightweight, polypropylene containers_and‘
covers contributing to an improved battery specific energy.v Molding
techniques required to pefmit penetration ofvthe éover for the
battéry terminalsvand the vent/water and air manifolds (for the
electrolyte girculation system) were developed. The grid design was
based on the reéistance minimizétion computer models reported

(1)(2)

~earlier. Based on cell testing, a low-corrosion grid-alloy
was selected. The positive paste density was determined from the
performance testing of machine pasted plates which revealed an
_optimum positive plate active_material density. Positive plate
formation variables were also investigated and evaluated in terms of
lead dioxide and 1ead3§u1faté:content at the end of formation.

- Evaluation of the six best formation conditioﬁs is continuing.

The négative—to;positive weight ratio was éepreased. This
contributed to the'reductionvof thekmodule'weight by 1.18 kg and the
thickness of the element by 0.092 cm per cell. The electrolyte
volume was also reduced. An independent electrolyte circulation

system was developed and this has contributed to the improved

battery performance. The Globe ISOA battery design was frozen as of
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April 1980 and five test modules with peripheral equipment have been

- ~ submitted to the National Battery Test Laboratory (NBTL) for

_ testing.

(10)

" Exide's approach to the ISOA EV battery has been based on

investigation of the interrelationships among the following design

-, variables:(ll)
o Four different positive paste formulations;
e Two commercially available microporous separators
in conjunction with a glass mat;
- e Two concentrations of sulfuric acid, sp gr 1.285
} and 1.315; and -
e Two cell construction variations (12 negative and 11

positive plates and 11 positive and 12 negative plates).

Based on study of the resulting 32 cell'variétions, it was

o concluded that:

) . ®

Batteries containing Daramic separators operate at a
higher discharge voltage, providing a higher specific
energy;-

The use of 1.315 sp gr sulfuric acid does not provide
" gufficient additional capacity to compensate for the
increase in weight;

It will be necessary to increase the separator rib
thickness to provide increased electrolyte circulation.
Battery design adjustments must be made to accommodate the
increased spacing;

Cycle life improvement is required and is to be obtained
by increasing positive plate thickness; and

Radial design grids should be used to decrease internal
voltage drop.

t
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The last of these changes 1s based on the results of a study at
Battelle Columbus Laboratories on impfoved grid design. Features of
the Exidg radial negative, R, which are similar to those of the
Globe radiai grid aﬁd the Battelle nonorthogonal grid, B, are shown
in Figure.13.(;1) ‘The compari§on of the capacity of cells with -
grids having the two plate designs is shown in Figure 14. The cells
were tested at higher rates of discharge (6 to 9 minutes) than is
required for mobile applications. Cycling of the cells at rates of
dischéfge corresponding‘to mobile batteries is required tovdetermine
the extent to which the observed capacity improvement, approximately
85% at a cutoff of 1.5 volts, will occur at the lower rates of
discharge in EVs.

The Exide effort is also evaluating cells with tﬁbular positive
plates. The cell variébles are similar to those used in the flat
plate investigatiopé- Tﬁe cells Wfth tubular positives had greater
cycle 1life than dithheiflat pLate cellé. 'Howgver, the best
‘specific energy achieve&, 37.7Wﬁ/kg, wés,be;ow:the goal of 40
Wh/kg; Design cﬁanges(ére being made which aré expected to yleld a
tubular-positive battery with a speéific energy of 46Wh/kg.

The Eltra (C&D Batteries Division) approach to the ISOA.is
based on the expanded grid technology developed by_tﬁap cdrporation
and reported in SR-I1. Stﬁdies to evaluate different battery

parameters were also conducted by Eltra. The factors included were:
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Two different paste densities;
Two different eleétrOIYte gravities;
Two types of glass mat retainers; and

Two types of separators.

The above parameters were tested in 19 plate cells (10 negatives, 9

= positives) in three-cell, golf-cart battery containers. Positive

.and negative grids were cast from a lead alloy containing 0.07% Ca

o and 0.7Z Sn. A_specially formulated negative expander was used in

the negative plate. The active material in the paste was a mixture

of tetrabasic lead sulfate (TTB) and leady oxide.

Within the constraints of the'experimental results, which

o revealed small differences in the effect of the variables on

performance, the following conclusions were considered to be valid:

® Pagste density--There is some advantage to higher paste
density for both greater energy density and longer cycle
lifEQ ’

Acid gravity-—-Higher gravity provided higher energy
density but lower‘gravity'provided higher cycle life.

Separator—--No marked advantage was observed for either of
the separators studied. ’

Retainers——The parallel fiber Slyver glass mat was
distinctly better than a random fiber mat.

The post-mortem analysis of the cells, after cycling, showed

that failure was primarily due to loosening and washing of active

material from the positive plates.

A comﬁarative study of the Pb-Ca-Sn grid modules and 4.56%"

antimony-lead alloy grids showed the latter provided for a cycle
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life that was four times longer. Some of the cells with the

Pb-Ca-Sn gfids showed severe grid corrosion. | \
The Eltra group has prepared a series of ISOA batteries for

NBTL examination. The performance of these’agd the Globe and Exide

ISOA batteries are included in Table IX along with the ANL 1980

léadfacid battery goals.

3.1.2 Advanced Lead-Acid Batteries for Mobile Applications

The Globe appfoach éo advénced lead-acid batterieg is a
combination of design refinements and technology iﬁprovements. A
process for the maanacture of lead-plastic compositevgrids has been
developed and the grids are'under';est in three-platévcells. Work:
has continued on the study of expan&ers by cyclic voltammetry. This
is discgssed in Section 3.1.5 unde;.lead—acid battery supporting
research. | |

An electrolyte pumping systemvhas been deﬁeloped which ié
feported to increase the:cycle 1ife of batteries. ‘Based on
accelerated.C/S, 70% depth-of—discﬁarggl(DOD) éycling tests, with a
cutoff voltage of 1.75, a-cycle life of over 1,000 was obtained.
For laboratory evaluaéion, ai:-actuated.lift'pumps were placed in
each ‘cell compartment to maihtéin a uniform acid concentration. A
single 3-watt, aquarium-type air pump was used fo activate 12
cells. The pumps operated.during charge and discharge. The use of
pumping enables the use of a geptle and simple equalization charge

mode. This resulted in a coulombic efficiency of 95% and energy
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TABLE IX
STATUS OF ISOA LEAD-ACID BATTERIES

ANL ' Globe’ - Exide

ISOA ~ ISOA 1S0A Eltra
Battery Parameter Goal (Pb-Acid) 9/80 - Flat Plate Tubular IS0A
Battery Capacity (kWh) 20-30 - -= - -
Specific Energy (Wh/kg) 40 41 40 - 35 40
Specific Power (W/kg) 20 104 : 128 100 98
Sustaining Peak (15 sec) 100 | 111 - - 128
Cycle Life (cycles) 800 508 295 > 450 95
OEM Price® ($/kwh) 50 _— | _— — 20
Energy Efficiency 60 ' 80-85 _ _— —_—

20EM = Original equipment manufacturer,

Figures are based on 1978 lead prices and a production rate of 10,000 batteries/yr.



efficiencies of between 80% and 85%4 well above the goals.for
advanced lead-acid batteries. Thehelectrolfte.pgmping.system,
mentioned in Section 3.1.1, has been included in the total package
submitted to NBTL for testing of the.Globe ISOA lead-acid

batterigs. Although the electroyle circulation uses energy, the net
result, due to improved battery performance, is an increase in
épecific energy, specific power, and‘round—trip efficiency.

The Exide advanced battery gréup is also investigating lower
weight grids. The approach is to use a plasticlnegative grid for
strengtﬁ andbweight reduction, a copﬁer coating on the plastic for
¢onductivity, and a lead coating toiprotect thé copﬁer from
corfosionf This approach, if successful, can give a 50% to 607%
reduction in grid weight and a 57 to 6% reduétion in battery
weight. All cells tested as of September 1980 showed cycle 1ives of
. over 500 at a iOO% depth of discharge.v Some loss of copper from ;he
grid was observed on an electfode from an opérating cell terminated.
fof'fhe purpose of_diégnostits. Testing of plastic grids has been
exténded to the Battelle radial grid design.

Electrolyte agitation to improve battery performance is also
being explored by Exide. 1Initially, air bubbling through fhe
electrolyte is being investigated; The air is introduced at the
bottom of the cell container through the sediment ribs via a
manifold exit pipe. With air bubbling, the average voltage during

discharge and charge was decreaSéd.0.0l and 0.09 volt, respectively.
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The light-weight, plastic-metal grid, electrolyte agitation, and
flat (Battelle radial design) and tﬁbular positive plates are‘
1ncluded in the advanced battery design. Methods for increasing the
utilization of the active material are also being explored.

Eltra also is working on advanced lead-acid batteries. The
isopoﬁential lihes of grids with aétive material have been
experimentally determined. Grids with,Qarying aspect ratio, high
width-to-height, and with multiple or diffefent lug positions have
been examined; These measurements are‘being used to heip improve
active material utilization. Lead—plasticvcomposite positive plates
~are being investigated to decregse cell weight. A cycle life of 210
was achieved iﬁ September 1980 with the three-cell module test
continﬁing. Thevcalculafed energy density for a cell wifh ISOA
construction was 41Wh/kg.

The addition of graphite fibers to improve positive active
material- conductivity is under investigation at Eltra.
Concentrations of graphite fiber in the range of 0.57 have been
shown to produce benefits. Thick positive plateé with graphite
fiﬁers showvan improved rate of conversion to lead dioxide during
formation. Thin plates with graphite fibers have shown an increase
in active material utilization as high as 16%. Other studies on
active material formulation and other cell components have been

noted as part of the ISOA effort. The circulation of electrolyte is
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also included in the Eltra studies and resulted in improved cycle
life of the advanced battery design. Repoftéd advanced battery
designs have achieved a specific energy of-41ﬁh/kg but cycle life
still requires improﬁément. The similarity to and diffefences among
the above approaches and advanced electric vehicle batteries are
shown in ?able X. |

Several of the state-of—fhe-art (SOA), ISOA, and advanced
lead-acid batteries have ﬁéen tested ét ;he-ANL National Béftery
Test Léboratory (NBTL). The results reported at the fourth BECC are
summarized in Figﬁre'15; Thevrgsults show Steady,lb;t not dramatic,
improvement in the lead—acid battefy technology. Ho&ever, these
reporfed tests cover only part of the testing procedure and do not
include the_fesulfs of advanced baftery concepts nbt yet &eveloped

to the point of demonstration.

3.1.3 Lead—Acid Batteries for Disﬁefsed Appliéétions

‘The development of lead-aéi& batteries for}&ispersed electrical
étorage app11cétions iévbeing monitored b&.ANL; The battery peffdrm—
. ance goals ;re 1is£ed in Table XI. Although earlier étudieg have
shown that the adaptability of SOA batteries to utility systems 1is
questionable, SOA.batteriéé:ére being procured for initial testing
in the BEST'faciiity. fﬂe ma jor thrust\of the ANL-monitored effort
is the develépment of an advanéedlléad—aéid battery which will

better fulfill utiliéy‘réquirements. In the interim, a 15kWh
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TABLE X

APPROACHES TO ADVANCED LEAD-ACID BATTERIES

Battery :
Component Globe Exide Eltra
Grid Structure ‘Radial ribs Radial and Battelle Equipotential gridé,

Grid Material

Electrolyte .

Active Material

Lead~plastic
composite

Circulation

nonorthogonal

Plastic coated with
copper and lead
negative

Agitation-

aspect ratio and lug
position

Lead-plastic positive
composites

Agitation

‘Graphite fibers in

positive active
materials




v

Specific Energy 30-41 Wh/Kg @ C/3
Energy Efficiency 70-87% @ C/3

Globe Lead-Acid
IGCB (EV2-13)

"Globe Lead-Acid

ISOA

SOA (EV 106R)

Exide Lead-Acid
ISOA

Exide Lead-Acid
IGCB ("EV 130")

Exide Lead-Acid
Advanced

Eltra Lead-Acid
Advanced

"0

Cycles

300_(conﬁinuing)

22

20 4 60 80 100

% Increase
Regenerative

Braking

Projected Number of Miles in One Discharge

Globe Lead-Acid ISOA

Exide Lead-Acid
SOA ("EV 106R™)

Exide Lead-Acid
ISOA

Exide Lead-Acid
IGCB ("EV 130™)

Exide Lead-Acid

Advanced Flat Plate

 Exide Lead-Acid

Advanced Tubular Plate

Eltra Lead-Acid

Advanced -

(98)

o - " 50 100’ 150
Specific Peak Power
(w/kg_l, 30 sec at 50% DOD)

 FIGURE 15
NBTL LEAD-ACID BATTERY TEST
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TABLE XI

ADVANCED LEAD-ACID LOAD-LEVELING BATTERY DEVELOPMENT GOALS

State
: of -the Advanced
Goal Unit art Battery
Battery for BEST Facility Test MWh 5 5
Life Stand ' Yr 10 20
Cycles (80%) Each 2,000 4,000
Energy Efficiency, Turn Around. % 76~-85 80
Energy Foot Print AkWh/mz 43-54 75
Initial Battery Price $/kWh
Lead 25¢/1b ’ 42~58 37-50
58¢/1b 75-100 50-75
"Battery Rebuild Price % of. 46-79 50
o ' initial
Operating Temperature °c 4-50 4-50
Cycle Discharge Hr 5 5
Recharge Hr 7-10 5-7
Depth % 80 80
+ 5-hr rated

Source: Reference 3.



SOA module, most closely meeting the development objectives, is
being tested at NBTL.

Phase 1 of the ANL-managed effort.is the study of battery
design and cost and the development énd testing of concepts to be
integrated into thé advanced battéry. The C&D Batteries Division of
Eltfa Corporation_and,Exide ﬁanagement and Technology Corporation
are the two contractors working on development of the advanced
batteries for dispersed applicétions.

Eltra has initiéted a multi-variable, 40-battery teéting
" program using factory-érepared, motive-power (industrial truck)

batteries_(400AH). This test program uses two cycles per day with
80% DOD. The cell variables included: |
| e Positive grid thickness; .
e Grid allby composition;
. .Acfive material paste composition and density;.
° Positi§¢ materialtaffecting additives;

; Acid_concenfration; |

e Separators;

e Negative gfid confiéuration; and

e Operating'témpefatufe.'

The progrém fosfest thé above variab;es was initiated in March
1936 and, as of September 1980, all teét cells had compiéted 250
cyclés with tests continuing. The pro;éss improvement activities

included the development of a positive active material formulation
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based on a low density paste containing a high percentage of
tetrabasic lead sulfate‘(TTB). Seeding to decrease the formation‘
time of thg TIB pastes was successful. The crystalline structure
and the a/f Pb0, ratio in the formed plate are being determined.
Cell cooling requirements are also being investigated.

Based on the preliminary data, it has been estimated that the
: resulfing advanced load-leveling bat;eries will achieve the cycle
life goals and reduced.battery cost goals. |

The group at Exide is investigating accelerated cell testing in
order to obtain a reliable correlation between these tests and
battery performance. Testing at 70+ 3°C is being evaluated as a
means of accelerating the determination of the cycle life. Earlier
corrélatiqns by Eiide personnel have shown that one cycle at 70°C
and 80% DOD is equivalent to six cycles at 25°C.(14) At the time
of the cited report (abproximatel& mid-sﬁmmer 1981), 52 of 60 cells,
each.having 17 plates and a capacity of 1,785Ah, completed 450 plus
accelerated cyclés.' The eight cells that failed (loss of 20Z of
rated capacity), had low-density negative active materiais and low
_negafive—to—positive active material ratios. This ruled out the
1ow—dénsity negative electrode as a means for cost reduction.

Accelerated corrosion testing of flat-plate positive grids is

(15)

also being conducted at Exide._ Five-plate, 400A cells,

differing only in the composition of the positive-grid alloy, were

anodically polarized at 4.5 and 3 times the finishing rate at 50'to
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55°C. Residual capacity was periodically determined by conducting
a discharge at the 5~hour raté; It was shown that the grid
corrosion rate was a lingar'function of the overcharge current
density. The. tests shbwédblitéle variation in the corrosion rate of
antimony-alloy grids with antimony concentrations of 4% and 2.5%.
The effect of arsenic concentration’(0.63 and 0.05%) was unclear.
It was also found that fhé cotrosion rates in the 70°C cycling
tests were l.4 times those inAthe §verchargé tests. The tests
enabled the identification of at least one gfid alloy wﬁich should -
be suitable for the 1,000-hour test. ‘

Arsine and stiﬁine evolﬁtion were determined during the

(16)

overchérge test; fhe method of Varma, Cook; and Yao was used

for‘fﬁé determination. X;ray~diffrac£16n studies.ét.Exide on the
positive materials in the overéhargé_teéts showéd a trend téward

_~higher levels of(!—PbOz, with-increiéing cﬁmulative overcharge.t
The effect is greater in materials without additives. The higher
" rate ofC!—PbO2 accumulation iﬁdicated a greater-rate of capadity

'lqss. This was verified in the catch-out deep cycle'dAta.(ls)

A third accelerated test being develope& at Exide is to
determihe the shedding of positive—plate active material. Fol-
lowing an initiai series ofvexperiments involving active material
formatioh, capacity buildhp cYcles,‘énd catch-out cycles, the

accelerated testing was initiated.(lj) This consisted of 36

shallow cycles/day'with controlled overcharge for 18 to 20 days.
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This was followed by a set of catch-out cycles. The procedure was
repeated until cell failure. The accelerated teséing revealed
several important factors related to positive electrode design
including:

e Maintenance of cell sta;k pressure;

e Optimum pésitive plate.wrap and retainer;

e Effect of paste density;

e Effect of electrqute specifié gravity; and -

e Optimum separgtion.between plates.

Eight préfprotofype cglls have been designed froﬁ é combination
of accelerated cyclekahd déep—cycle data. These cells'were under
test~(mid—summer léél) using a two-cycles/day_regime at ambient
conditions;(;6) N |

| The Vafta-study oﬁ the faéricatidn and testing of a prototype
_gas recombination device for utility lead—ﬁcid cells has been
successfully completed. The deviée is baéedion the decompositipn of
stibine and arsine by a charcoal bed followed by the catalytic
fecombination of the hydrogen with oxygen.v Figure 16 provides a
view of tﬁe interior of the devicé, showing the active components
and thermocouples for monitoring the device. The charcoal hydride
decomposef'is in a replaceable canister. The catalyét matting is
composed of palladium, polytetrafluoroethylene, infusorial earth,

and activated charcoal. The matting is about 4 mm thick. Tests of

the device were conducted on a 9kAh, lead-acid cell. The hydrogen-
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oxygeh recombination was 97%Z. It was shown that the device operates
effectively during overcharge. The cost of the hydrogen-oxygen
recombination device was estimated to range from $4 to $10/kWh of

cell capacity for production of more than 10,000 units.

3.1.4 Lead—Acid Batteries for Solar Applications

Remote solar éystems require essentially maintenance-free
batteriés. In addition, the use of residential, on-site battery
storage with solar photovoltaics makes a battery which does not
require specially ventilated charging rooms a worthy dbjectiQe. The
Sandia National Laboratories has undertaken the development of
sealed, maintenance-free, lead-acid_batteries. The battery
performance goals for a 6-volt, 100Ah battery are listed in TaBle
XII. Two contractofs, Eagle Pichef and Gould, have been selected to
~ develop batteries which meet these goals. The approaches of the two
contractors are ;ery different.

Eagle Picher has initiated a program of component studies.
This includes the study of nonantimonial grids and the development
of methods for processing wrought-lead grids, including grids

prepared by expansion. Various active material formulationms,
including fdrmulations based on tetrabasic lead sulfate as well as
more ;onventional.ieéd¥oxide based formulations, are being
evaluated.‘HVariéué separator matefials (both the retainer mats and

the microporous polymers) are being examined. The use of an

immobilized electrolyte and of a horizontal plate design is being
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TABLE XIL

GOALS FOR SEALED LEAD-ACID BATTERIES

Dis;harge Rate: ' " 1hr maximum,.6 hrs nominal
Duty Cycle: ' Disch#rgé.to 80% of rated capacitv
Cﬁarge Rate: B 2 hrs maximum, 6 hrs nominal
.Lifé} o . 5 yrs (épprdiimately 2,000 cycles)
Energy ﬁfficieﬁcy: E 80% roundtrip
 Self Discharge:‘_ " 1% per wéék \
Temperaturé Range : - 0-50°¢ |

Maintenance: o None
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explored. ﬁarlylresults of studies of the effect of plate position

on battery performance appear in Figure 17. Based on the evaluation
of the above and other cell design variables, a 100Ah battery is to

be constructed and tested.

The Gould approach is to design cells that only evolve oxygen
during ch&rge. éells are being studied that have an excess negative
capacity and highly porous separa}ors, permitting ready access of
the oxygen to the negative plate. The oxygen-negative plat;
reaction rate is high enough to keep the oxygen buildup below one
atmoséhere. Even with this design feature, it is desirable to take
precautions against oxygen ptessure buildup. This is achieved with
a low ﬁressure vent that has beén dgsignéd to permit the escape of

excess gas. The batteries are to be tested on an open-circuit stand

at various states of discharge for: short time exposures to various

~ temperatures, cycle life, and reduced state—of-charge performance.

Gould has fabricated cells and batteries with a capacity of over

100Ah and these have been delivered to Sandia for tésting.

3.1.5 Llead-Acid Battery Sﬁpporting Research

Cell studies which can be used for guidance in accelerated
testing of batteries are described above in Section 3.1.3. Research
is also in progress to better.understand.lead-acid'battery
performaﬁce at thebmicfoScopic level, to aid in material selection,

and in controlling potential hazards from lead-acid batteries.

,
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Varma, Cook, and Yao have extended their studies of in-situ
laser Raman scattering (LRS) to the anodization_and sulfidation of
tetrabasic lead sulphate in 0.1N HZSO4.(18). In addition,
they determined the laser Raman spectra of various basic lead
sulfates for reference. The LRS spectra were taken at intervals
. during the anodic fbrmation of a.tetrabasic lead sulfate positive
plate.v The spectra strongly suggested the presence of PbSO4,

PbO.PbSO4, and 3PbOngSO4 in the surface layers of the PbO2
formed. Lead sulfate was the major one of the three surface
compounds. The initial tetrabasic lead sulfate was partially
transformed into a mixture of PbSO4 and PbO.Pb804. The presence
of Pb0.PbSO, and 3Pb0.PbSO, .H,0 is comsistent.with the
Pourbaix diagram of the pH-lead sulfafe.therquynamics at a pH above
8. It wésvconcluded that the high pH range could.onl& exist in :the
case of electrolyte starvation at the electrode surface during plate
formation. The expérimental limitations of acid concentration,
because of 1light absorption by the acid ions, makes the extension of
- these résults to the higher acid concentrations of battery
technology uncertain.

The relationshipvof the high current demand of an electric
vehicle to the negative.electrode microstructure of a lead-acid
battery has»beenvinvestigated by Wales, Caulder, and Simon.(lg)

v Discharge rates of 18, 125, 500, . and 2,000_A/.m2 were used. Samples

of the negative plates were removed and examined by light
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and electron micréscopy; image‘analysis, and surface area
measurements. ‘It was observed that the size of the lead sulfate-
crystal in the discharged élates decreased with the increased
cuf;ent density. This roughly corresponded to the decrease in plate
capacity with increased current density. The ‘authors concluded that
this behavior suggests passivation of the lead as the proximate
-éause for the capacity loss since passivation becomes more critical

as the crystallite size of PbSO4 decreases. Based on the observed

' polarization curves, it was suggested that limited electrolyte
diffusion rates and decreased con;éct of active material crystalé,
the result of the porosity tﬁat dévélopgd with cycling, also
contributed to the feduction of_plate cap&city.A

Mahato of thnsdn Controis incﬁrporéted (Globe) has continued
studies of lead-acid\negative plate expanders using a'microeléctfode

(10)(20)(21) -Figure 18

,'with a cyclic linear potential sweep.
compares fhe curves obtained with a highly reversible electrode and
one that has poor ;aﬁacity r;covery on charge; Note that the anodic
portion of thebpotential sweep for thé‘électrode;with poor capacity
recovéry has a much smaller area than does the potential sweeﬁ for

the reversible electrode. This higher reversibility was shown to be
a function of the amount of expander in solution, as shown in Figure
19. Note that the capacity after cycling increases with concentra-

tions up to 20 ppm of lignosulfonate in solution and then decreases

This decrease 1in capaciﬁy at the higher cbncentration is attributed,
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at least in part, to surface coverage by adsorbed 1ignosulfonate.
The use of different 1ignosu1fonates showed that expander activity
varied with the composition and concentration of the expander. It
was concluded that the microelectrode probe techniquefis a valid
research tool for expander material evaluation.

3.1.6 Lead-Acid Battery Status Overview

The status of lead-acid battery technology.makes it the system
of choice for proof-of-concept even in thosevcases vhich require
battery properties that advanced lead—acid batteries have not been
"demonstrated as fulfilling. Extending the usefulness of lead-acid
batteries, especially,for mobile applications which require high
specific energy and power, is a potential'interim solution until-
alternative battery systems prove to have performance exceeding the
leadeacid battery at a competitive price. | - A

The broad scope of applications for which lead-acid is being
considered both for demonstration of concept and commercialization,’
has led to varied approaches to lead—acid battery technology. For
~ mobile systems, emphasis on decreased weight is leading to the
exploration of alternative negative grid materials such as metal-
coated plastics,ﬂconducting plastics, tailoring of expanders for
improved active material ntilization without decreased cycle life,

lower resistant separators, and the addition of conducting fibers to

the positive active material to lower resistance and improve

material utilization. Attempts are also being made to eliminate
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antimony from the negative plate to decrease stibine formation. The
use of forced convection in the electrolyte can give nore‘uniform
consumption of active materiai with improved cell performance and
cycle 1.ife' . |

’The advanced hatteries for dispersed applications eﬁphasize
cycle life and lower, cost. Weight is not as great a concern as in
- the case of the mobile, especially private vehicle, applications.
The solar batteries, for remote unattended use,_require the
development of closed-system batteries. This has led to considering
high purityllead electrodes in spiteﬁof their more diffiCult

processing. This avoids the problems of stibine and arsine

formation. The electrodes will require operation without water loss -

through recombining hydrogen and oxygen. . The use of wrought lead
should increase the lifetime of hydrogen—oxygen recombination
catalysts through the anoidance of catalyst poisoning hy stibine and
arsine. . There is no question that:the projeeteddapplications of
batteries haye encouraged a broader appranh to lead-acid battery
development. | | |

Supporting research, basic.and applied, is providing
information leading to a greater depth of understanding of the.
physical and chemical processes in the lead-acid battery. The
further development and increased application of techniques for the
in-situ study of electrode changes during charge and discharge can

lead to improved material selection. Attempts to develop rapid
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laboratory tests for projecting battery lifetimes, if proven to be
reliable, can accelerate the rate of progress in advanciﬁg battery
techﬁology. The lead-acid battery, in spite of its long history,
still shows the potential for performance increases which will

extend its utility.

3.2 Iron/Nickel-Oxide Electric Vehicle Batteries

The development goals set by ANL for the i:on/nickel-oxidei
[NiO(OHi] alkaline‘electrolyte battery are liéted.in Table XIII. To
be noted are the higher speéific energy and ionger cycle~-life goals
than for the lead-acid battery. Tﬁo organizations are involved‘in
the development of iron/nickel-oxide battéries: Wéstinghouse and
Eagle Picher Induétfies. The latter has a éubcont;aét with the
National Development»Corporation of Sweden for work on the iron
elecfrode and the separator. Reference 2 (SR-II) contained a
qompa?ison of the two batteries. ' The battery featureé are repeated
iﬁ Table XIV, aiong with the performance repor;ed'at the BEQC.(3)
Cycle 1ife information is the major new inpuf in Table XIV. The
Eagle Picher program.has achieved 2,000 cyclés with tests proceeding
on individual cells 1ndicating the potentiai for meéting the 1984
cycle 1life goal.

Additional descriptive information on the Eagle Picher positive
plate production was included in the company's FY 1980 annual

report.(zz) An expanded nickel grid with very thin ribbing 15

used as tﬁe supporting structure. A highly porous, approximately

3-35



TABLE XIII

IRON/NICKEL-OXIDE DEVELOPMENT GOALS

Year
Goal - 1980 1984
‘Spécific Energy> (Wh/kg) 54 56
Specific Powerb.(W/kg) 10 140
Cycle Life® | 300 800
OEM/Price (1977$/kWh) - 70

3t ¢/3 discharge rate.:
b . :

Cycled at 80% DOD.

30-second average at 50% DOD.

dat a productlon level of 100,000 unltsfyr.
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TABLE XIV
COMPARISON OF IRON/NICKEL-OXIDE BATTERIES

Eagle Picher Westinghouse

Component Structure ) ) )

Iron electrode Proprietary NRC Sweden sintered- Sintered—steel fiber with pasted
iron active material . -

Ah/gn ' 0.27 C 0.23

Ah/cm 0.93 - _

Positive electrode .Sintered nickel plaque with Sintered nickel plated steel fiber
electrochemical impregnation with paste or electrochemical

A impregnation

Ah/gm3 . B 0.106 ’ 0412

Ah/cm o 0.383 -

Separator L Ribbed, sintered PVC separator . Multilayer polypropylene

Electrolyte Lithiated KOH Lithiated KOH with circulation

during charge

Performance Characteristics?

Size, width, length, height (cm) 6.9, 18, 27
Capacity (Ah @ €/3) 280 250
Specific Energy (Wh/kg) 50 ' . 57-61
Energy Density (Wh/1) ) 105 ‘ 120
Specific Power (W/kg) E 107 - . . » 105
Cycle Life® (100% DOD) 2,300 electrodes S 1,000 (80% DOD)
800 ’ >457
Cycle Efficiency 70 ‘ 55
Modules
Voltage (volts) ) 6 . 7.26
Capacity (Ah) - o ” < 270 T 240
Specific Energy (Wh/kg) - s 53
Energy Density (Wh/1) T e . 120
Specific Power (W/kg) 103 -
_ Cycle. Life e . 800 (100% DOD) : 325 (80% DOD)
650 (80% DOD) '
NBTL
?tojecé Commercial
Production Costs - $80

%as of fourth DOE Battery and Electrochemical Contractors' Conference.

Source: Reference 3.
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80% nickel_plaque is sintered onto the supporti#g grid. This 1s
then impregnated by an electrochemicai process with nickel hydroxide
precipitate. A single imffegnation suffices to achleve a cell'with 
a.specific energy of 54Wh/kg.‘ Plaque processi;g impfoveﬁenfs )
contributed to the improved positive piate. The improveﬁents
included control'of slurrygpreparétion and;sintering.

The Swedish National DeVe;opment Cofpofa;ion iron electrode is
.a sintered—i;op plaque.: It is manufactured' by sintering i?on povder
on an expénded iron substrate. No further processing ;s rgquired;
the plaque is the active material. Trace elemegts_which signif-
dicantly affect electrode peffdrméﬁce h;vé bé;nkidgntified; Al;hough
small amounts of sulfide improved nggative electrodé‘pérformange ip
1ndividua1'p1a£es, this improvemént was not sﬁown in complete
cells.(22)

Eagle Picher has developed a semi-automatic batferf'watering ,
system. The neéessary.eduipment has,ieeh-fabricéted and the
assembly tested. The system consists Qf;a sing1e fi111ng.reéerJOir,
a flow 1ndicat6r,.a maﬁifold,reServoir, énd contfol'ﬁglves;,all the
.>components aré external to thé battery. - Each cell,se;;iced‘by~ﬁhe
watering system has an automatic shut-off de%iéé. 

Prototype 36-volt electric vehiéle.batteries Bave been

assembled. Thesé consisted of six, 6-volt modules with a
theoretical capacity of 341kWh and a measured cépacity of 269kWh

after 20 cycles of conditioning. Table XV compares the performance
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o TABLE XV
EAGLE PICHER IRON/NICKEL-OXIDE BATTERY IN VEHICLE PERFORMANCE

Test
Vehicle | - _____Cycle _ Lead-Acid Miles Fe/NiO(OH) Miles
Converted F-100 - o nen 18.7 (Varta)b » : 62.5
(Electric Vehicle Assocd.)? Urban . 23.4 : 71.5
. Converted VW Rabbit a S nen 22.1'(Oldham)b | 74.8
(South Coast Technology) Urban , © 35.3 _ 91.0
VW Transporter Van = - . e : Not tested ‘ 71.0
(Volkswagen)?@ : Urban - 36 (EV-106) (Exide)b_ 103.0

*Vehicle manufécturer;
‘Battery manufacturer.



of these batteries with commercially available lead-acid batteries
in comparable elecfric vehicles. The results of the test showed
that the vehicle range can'be increased by a factor of two to three
" by substituting Eaglg Picher iron/nickel-oxide batteries for cur-
rently availéble lead—acid batteries.

The Westinghouse positive electrode starts wifh a plaque'of
nickel-plated sfeel wooi. The plaque contains two vertical grooves
that serve as electroiyte flow channels. Two levels of nickel
hydroxide impregnation have been found to consistently give better
electrode performance.. This involves a high-current step followed
by a low-current one. ~The high-current stép is rapid; the low-

" current steé to complete ;he 1ﬁpreghation is slow, taking from 16 to.
20 hours. The complete electrode prdcessing time in the pilot plant
’is 48 hours.(23) |

The current éffort is aimed at further increasing the capacity
of the nickel electrodéjfrom 0.12 to 0.14Ah/gm. Improvement in the
nickel electrode dimensional stability is aléo a dévelopment
objective. Higher fibef density in the stgél wool for the ;ositive
‘plaques 1is beiﬁg investigated ;o decrease the loss of performance
due to positive platebswglling. The higher fiber density plate
technology is being evaluated in a six-cell module. Shorting in one
of the cells.also damaged the ad jacent célls. Tests were continued

on the remaining three cells. Also:being investigated is the

“ozonization of Ni(OH)z to*thebblack oxide. ‘This can lead to a
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decrease in the time needed for electrochemical formation of the

plate. Several substitutes fo: Co(OH)2 as an additive to the

active nickel oxide have been investigated but none has provided the

. same performance improvement.

The iron oxide used for the negative electrode is obtained by

the thermal decomposition of ferric

sulfate. There is a small

sulfate‘residue (0.05 wt Z). Corn starch has been found to be an

effective paste additive for electrode preparation. These iron-

electrodes improved performance over the earlier technology, as

shown in Figure 20. ‘This resulted in an electrode with a capacity

of 0.25Ah/gm.

Improvements have also been made in various battery components,

such as separators, through the use of Celgard IC-501 manufactured

by the Celanese Corporation, the electrical connectors, and an

electrolyte management systém (EMS).

This EMS features a single-

point water replenishment, charge temperature control, and safe gas

-handling. Electrolyte circulation permits temperature control

during charge, permitting more rapid charging.

Pilot plant operations have been developed for fabricating

plaque, nickel-oxide and iron electrodes, cells,.modules, and

batterles. The cell components are
electrolyte circulation. ‘Among the

varied from 45 to 61Wh/kg, with the
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~capacity of 50Wh/kg and a cyclé life of 511 to a capacity loss of
202,

- For use in the Jet Propulsion Laboratbiy (JPL) in—-vehicle
battery test progrém, two full-sized batteries and spare cells were
fabricated.‘ All were delivered to the JPL by the end of calendar
year 1980. Post—mbrtems were carried out on the defective éells
from modules returned by JPL. Two cells had shorts due fo the
accidental.foiding of the separators andfth;ee cells had high charge
voltages due to inletvtubes being biocked by epoxy cement. These
"and other observations ﬁave led to changes in cell construction.
The results of the NBTL tests on iron/nickel—oxide batteries are
shown in Figure 21. |

" Supporting research has émphasized the investigation of the
nickei—oxide electrode. This is discussed below. -

3.3 Zinc/Nickel-Oxide Electric‘Vehicle Batterles

The zinc/nickel-oxide couple has the inherent capability of

producing the battery most readily fﬁlfilling'the performénce
requirements of aqueous mobile batteries. Figure 3, above, shows
that it has exceeded'fhe specific energy and'specific power that was
the 1980 goal for.near-ferm battefies.- However, it falls far short
of the cycle life goal.

Four groups were participating in the zinc/nickel-oxide
technology program during the period included in the BECC--December

1979 to June 1981. Those participating included the Energy Research
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Corporatién'(ERC), Exide, Gould, and fhe U.S. Army Electronics
Research and Dévelopment Command (ERADCOM). The Yardney effort,
which was included in SR-II, was discontinued during 1979 ﬁeéause
the Yardney Cbmpany elected to withdraw from the program. ERADCOM
is primarily concerned with the development of a battery with
improved performéncé.. Although'ERADCOM is planning to build
batteries, these are not for in-vehicle testing. Tﬁe ERADCOM effort
1s receiving support.from the Departﬁent of the Navy and DOE. The
section below reviews the current status of the zinc/nickel—okide
battery and provides a discussion of on—going supﬁorting research.
The Exide approach will be discussea last as it has fewef features
in common with the other developménts. |
The zinc/nickel-oxide deveiopment contracto;s,‘other than
ERADCOM, are listed in Table VII above. As noted in the earlief
status reports (SR-I and SR-II), the major problem in this battery
is the laék of cycle life due to the limited feversibility of tﬁe
zinc electrode. This is the result of shape change of the zinc
electrode, denarite formation, and the depositioﬁ of zinc oxide in
separators and on the ﬁositive plate. The zinc electrqde also has a
tendency to become passivated. The resolution of the zinc
reversibility proﬁlem is the major thrust of the cuérent efforts.
‘In addition.to the reversibility of the_ziné electrode, attention is

being placed on the dynamics of the system and the separator.
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The Energy Research Corporation is‘cpntinuing to develop the
roil—bonded electrode structures. To overcome the zinc electrode
probléms,vERC is emphasizing the use of additives, electrode deéign,
and improved separators. Basic studies are also being conducted.

A combinatioq of addifives to the zinc electrode has beeﬂ
identified which is reported to have resulted in an improved cycle
vlife, reduced shape change, and reduce& dendritic short%gg. Single
ﬁegétive electrodé cells with a theoretical capacity Qf 24 .3Ah were
reported to have a cycle life of_;ver 200 at a 20% losé of the
initial cépacity, 18Ah. This represents almost double the
single-cell cycle life reported in Deéember 1979.(2)'

Much effort has beén expended oniimproving the separator. ERC.
developments have shown that a cross;linked, polyvinyl-alcohol (PVA)
separétbr increases the failure éf celis b§ shapevchange and
;decreasés the incideﬂce of zinc shdrting. On the otﬁef hand, ERC
composite éeparators result in a éubstantial reduction in shape
change but poor stopping ability for dendrite‘formation. Thé
poiymer blend composife separators are nylon based.(ZA)

The polymer blend separator was compared with one made from
Celgard K-307, which is éellulose acetatevcoated Celgard 2400.
Cells with the two separators failed at between'120 and ;35'cycles,
with the polymer blend showing the greater lifetime. Combination

polymer blend and PVA separators are also being investigated.(za)
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Evaluation of commercially available materials, along with further
development of polymer blended separators, is continuing.v

- The roll-bonded nickel—oxide positives have been tested for
cycle life in cadmium/nickel-oxide cells. .Theee experienced a 20%
loss of‘cabacity after 900 cycles, showing the long 1life of the
nickel-oxide positive. Cyele‘life expectations for the positive
electrode in the zinc/nickel—oxide eells cannot be inferred fromu
these tests because there is no zinc oxide accumulation in the
positive plate of the Cd/NiO(OH) cell.

Full siie zinc/nickel-oxide cells have been tested using a
simulated J227 aD pulsed discharge profile and a mix of discharge
depths derived from vehicle:data. ‘Zp/NiO(OH)-cells have been tested
for the equivalent of 13,000 cumulative miles before the estimated
mileage range decreasd from 100 to 60 miles.

The Gould effort also emphasizes zinc electrode reversibility
vend separator development. The approach to improved negative
reversibility has been the immobilization of the zinc discharge
producf, primarily the zincate ion, through solubility reduction and
the use of mechanical Barriers; Soldbiiityvsuppfession has been
approachea through a decrease in potassium hydroxide concentration
with replacement of the KOH'with an ionizable substance to maintain
the electrolyte conductivity. The addition of solubility

. ) .
suppressants to 31% KOH solution is an alternative approach.

Mobility suppression is being approached through the use of
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‘colloid-formiqg‘additivesg Other approaches included the improvement

of current density distribution and the optimizatibn of charging . “e
eharacteristics. These approaches have resulted in demonstrating a
decrease in the rate of shape change. Small 5Ah cells, with
additives, have shown an‘increase in cyclelife of 2.5 to 3 times
that of control ceils. These studies have been extendeﬁ to 504h
batteries with similarlresuite;(zs)

Gould has also attempted immobilization by microencapsulatiqg‘
the zinc oxide of the negative electrode. An electroporous polymer
was used. A cell based on this approach.laeted for 115 cycles with
‘a 20% decrease in its maximum delivered capacity (MDC) and et.the ' -
-end of 300.eyc1es had a 30%Z decrease in’its-MDC._‘The repreduci— .
bility of this electrode has been poor and improvement in repro- S

ducibility was investigated.

| The separator development has centered on the use of
‘Electrdpotous and microporous separators. The Electtoporous
separator is prefetrede(zs) :The membrane is fabricated by casting v ' IV
an aqueous dispefsioneef"the polymer substrate onto a strippable
support film in a continuous process. .The film.thickness is bullt
up by the consecutive deposition of a series of layere. The fiﬁal
laminate, four to six layers, is 0.062 to 0.0025 inch (0.051 to | »

0.063 mm) thick. The film can be cross—linked by high energy

irradiation to prevent swelling and extraction of film compdnents.

3-48



e

- fourth BECC.

Melt extrusion is being investigated as an alternative to the
process of casting and cross—linking.'

To further improve the zinc electrode, an "electrode wicker"
which absorbs electrolyte but decreases electrolyte transport has
been investigated. The latest reported wicker performed better than
earlier ones and tests were still under way at the time of the
(25) |

The positive electrode uses a porous sintered-nickel plaque on
a thin, expanded-nickel support. The active material is chemically
dgposited.b The need for high porosity and electrodé strength has
led to the development of a thick positive electrode.

- During the program, a large number of varibus sized cells,
225Ah modules, and batteries have been constructed and tested.
Table XVI summarizes the results of these tests.

Gould has estimated tﬁe cost of electric_vehicle batteries
bésed on the technolégy developed by that laboratory. Analysis of
the material costs iﬁdicatg@ fhat the lower power density batterz
has a materials cost of over $170/kWh, at February 1981 production
lévelé. Seventy three percent of this cost was due to nickel
components. bMaterial costs for the more p?actical higher power
density EV battery were estimated as $204/kWh. Gould's most
obtimistic frojection of the manufacturing cost, for production of
50,000 batteries per;year, was $106/kWh for the low power design;

It was concluded that, based on Gould technology, the zinc/nickel-
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TABLE XVI

SUMMARY OF GOULD ZINC/NICKEL-OXIDE BATTERY TESTS

.Cycle Life?

Battery | : 125(2)
225;Ah‘Module ‘ 189
ﬁzs—Ah'cells o 200
50~Ah Cells’ 300
5-Ah Cells o - 400

®Figure for battery is as of 1978. Other figutes
_are as of January 1981. o



oxide batteriés will have a high cycie life cost compared to
alternative EV batferies. On the basis of these estimates, Gould
has elected to termiﬁate its efforts on the zinc/nickel-oxide
battery for electric vehicles.

" The invesfigations at ERADCOM emphasize the use of a separator
which uses nickel Qithin its structure and cell charge control to
overcome the problem of the reyersibility of the zinc electrode.
Earlier efforts on separator development were described in SR-II.
The best separator system devéloped in the ERADCOﬁ program, as of
January 1981, consisted of a layer of 5-mil polyamide feit on the
nickel positives, a layer Of»ljmil Aldex paper on the ziné
negatives, and a main separator wrap in an acqordion configuration.
This wrap consisted of ; léyer of Celgard K-317, which contains
nickel powder, and a layer of 1-mil cellophane facing the anodes.
Both layers were sandwiched between two layers of Celgard 3500. The
best of thé;binéry additives fo the zinc negative consisted of 2% to
5% CdO plus 1% to 5% Pbo.(26)

Wagner and.coworkers’ét ERADCOM have developed a rapid test
procedure for the determination of zinc penetration of ﬁhe A
separator. The cell design 1s shown in Figure 22. The test
subjects the séparator to extreme overcharge conditions and the time
it takeg for a short to. develop by zihc penetration is determined.

Reference 26 includes a description of cell design and operation.
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The best charging mode found was the interrupted current mode
at a frequency of 10 Hz, a rest-to-pulse ratio of 5:1 to 10:1 and an
average charging rate'éf C/15 to C. It was found that effective
charge control was achieved by mopnting # pressure cutoff switch sét
to 8 psig, with fenting means at 10 psig, to each cell of the
zinc/nickel-oxide battery. The switches'afe series connected on a
sepérate circuit to the charger.(26)

Among the nickel-oxide electrodes were ones prepared by the

(27)

stéff of the Naval Surface Weapons Center. These are sintered-

nickel-graphite plaques which are electfbchemicallyvimpregnated with

active ﬁaterial by the method of Pickett.(28)
Single—~ and four-cell, 5Ah capacity units have been tested.

The best of the single-cell units attained over 600 cycles at c/3

and 80% DOD. Four-cell batteries have delivered 425 cycles under

. the same operating conditions. A contract with a battery manu-

facturer was to be established during the third quarter of 1981 for

the construction and testing of 150Ah units: This effort is to be

" part of the DOD program without DOE participation.

 Exide development of the Vibrocel was briefly described in
2
SR—II.( ) Figure 23 compares the principle of the operation of
the Vibrocel and the conventional zinc/nickel-oxide cell. Use of

the vibrating electrode during charge avoids shape change and

dendrite growth, eliminating the need for a separator. As

(1)(2)

previously reported, the zinc electrode is highly reversible
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under operating conditions. During the period since June 1979, it
has been observed that the transfer of nickel shed from the
nickel-oxide positives can lead to accelerated self discharge of the

zinc. The free—standing nickel electrode has a greater tendency to

lose nickel than do-those with separators. To overcome this, Exide

'~ has been investigéting the shgdding characteristiés of the following

commercially available nickel-oxide positive electrodes:(zg)

° ~INCO controlled micfo—geoﬁetry (CMG)-layered nickel
foil--slurry coated with active material;

e Exide plastic bonded;

® Sintered-carbonyl-nickel powder—-impregnated with nickel
hydroxide; - : :

° Perforated, nickel-plated steel pockets--active material
contained in briquette; and

. Sintered-nickel-plated steel wool--impregnated with nickel
hydroxide. .

- Screening tests of the above positive electrode structures were

conducted in a Vibrocel. The results of the tests are listed in

Table XVII. The Exide plastic bonded electrode showed higher

“swelling and little or no shedding.

‘The initial cells héd an interelectrode spacing of 2.5 mm.
Through the devélopment of special charging techniques the
interelectrode distance has been decreaséd to 1.5 mm. The completed
cell contains cadmium-plated negative collectors on which the zinc is
deposited, 3,9;10 M KOH electrolyte, and the CMG positive electrode

constructed from thin nickel foils in a laminar structure. .
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TABLE XVII

CHARACTERISTICS OF NICKEL-OXIDE POSITiVES

Ah/kg

Ah/kg

Overcharge Re-

INCO

193

/-

: Swelling Sheddin ‘ Rate quired at C/5
Type 8C/5 9c/5 Factor? Factor® Capability® Charge Rate

Pocket 70 .17 A XX - el3 40%
Sintered Plaque 110 .38 XX - cf2 40%
Nickel Plated Steel - 135 .27 E XXX c/3 20%
Wool-Impregnated v ' ,

Exide Plastic Bonded 145 .23 X c/3 40%
CNG (Multi-Foil) .36 XX Cc/2 407

q)=Swells less than 10%

B=Swells 10-25%
C=Swells 25-50% -
D=Swells 50-75%

E=Does not swell, but
blisters occasionally

by = Little or no shedding, XX = Moderéte
-occasional clean~up, XXX = Excessive shedding

Source: Reference 29.

-

“Maximum discharge rate with acceptable
nickel polarization for a 3mm-thick electrode,
-except the nickel-plated steel wool type for
which the basis is a 5mm-thick electrode.

shedding requiring



—r

" The baseline 6-volt VibrocelTM module design, as of September
1980, is a 6-volt (four cell) unit with a nominal capacity.of

185Ah. Each cell has 7 positive and six negative electrodes. The

(30)

first test module was made with two cells.
Table XVIII compares the approaches and test results of the

four zinc/nickel-oxide batteries reviewed. Figure 24 gummarizes the

NBTL test data on zinc/nickel-oxide batteries.

3.4 Alkaline Battery Supporting Research

Basic and applied research to help overcome the deficiencies of
the alkaline batteries have been undertaken under the DOE program.
As has been noted,’the‘zinc eleétrode has been especially
troublesome. One approach to overcome;some zinc electrode problems

(see Table VII) has been to use metal additives to the zinc plate.

To better understand the effects of metal additives on surface

*

morphology; McBreen and coworkers at the Brookhaven National -
Laboratory (BNL) have used various electrochemical techniques and_
scanningbelectron microscopy. Small amoynts of additives,‘z fo 4
weight’Z'of mercuric oxide (HgO), théllicvaide_(T1203), lead

monoxide (Pb0), cadmium oxide (Cd0), indium oxide (In203),

.indium'hydroxide [(In(OH)3)], indium metal (In), and galliﬁm oxide

(Ga203) weﬁe examined. Some of the additives, such as HgO and
T1203, were completely reduced prior ‘to the deposition of zinc.
CdO and PbO were approximately 207 reduced prior to zinc,

deposition. PbO, T1203; and'Ih(OH)2 improved the current
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TABLE XVIII

| ZINC/NICKEL-OXIDE BATTERY DEVELOPMENT

System Features - i ERC : Gould ERADCOM EXIDE

Negative . . Koll bonded, ZnO with additives, ) Proprietary construction Zinc containing CdO and PbO Zine elecfrodeposined
copper foil current collector, - . on Ag- or Pb-plated copper on a cadmium-plated
Cd0-PbO additive . _ o grid : - steel substrate
Positive ' - . C C - - Roll bonded, pressed nickel Thick, sintered poraeus . Sintered plaque-nickel-standard
. hydroxide, graphite plastic nickel on thin nickel
binder ’ grid, chemically impregnated
" Separator Cellulose acetate coated Electroporous separator Celgarda K. 317, cellophane,
Celgard K-306, asbestos with electrode wickers Celgard 3,500 Aldex paper
electrolyte wrap ’ ’ T ’ o ‘next to negative
Electrolyte o Potassium hydroxide + 1% KOH "Potassium hydroxidé with
' . ’ , . mobility suppressants
Test Results . : Cell _ Batteryb : . Battery = Cell® = Battexjyc Cell . Batteryd
Voltage (V) 16 : 106 1.6 - 1.6 6.4 _
Capacity Ah : 250 . 250 225 225 5 ) 3 5 300 ’ 250
Specific Energy(Wh/kg) . 55.1 55 - 68 65 - 42 46.8
Energy density(wh/1) ' - 91 — S - 120 - -- 71.6
Specific power, W/kg - ) ’ .
Sustained ) - : . : . 45
peak/50% DOD - — - : 131 -— - - 128
Cycles/ to % DOD "150/80 - . . 100 200 . 189/75 500 350/na 300/100° 400
’ 400/5Ah :
Energy efficiency (percent) - - - —— - — 60

a See Appendix B for Celgard descriptions.
Ppata from SR II. :

IS .
All data are not for the same cell configuration.

dEstimated for 1981,
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distribution. The PbO was more effective when it was added to the

Zn0 along with metallic zinc (93% Zn0, 5% Zn, 2% PbO). PHO and

In(OH)z'increased the density énd polarizability of the zinc

whereas Ga,0, and CdO produced finely divided deposits of léw
polarizability. No tests were reported on the combin#tion of PbO
and CdO. It is of interest to note that, altﬁougﬁ they have opposite
effects on deposit dénsity and polarizability, their combination was
beneficiél_in cells studied By ERC and.ERADCOM; It was also
concluded that additives of me;als with atomic radii close to ;hat

of zinc resulted iﬁ zinc deposits ofiented‘parallelvto the basal
plane. Additives of metals with larger atbmic radii than zinc

resulted in deposits that were oriented perpendicular to the basal

‘plane. The general éonglusion was that the additive effect was as a

substrate rather than as a codeposited material. A general rule,of
thumb for selecting additives for long cycle life was proposed by
McBreen:
"[S]elecé an%oxide bf hydroxide of a:high hydrdgen'
overvoltage metal with a reversible potential more
positive to zinc and an atomic radius at least 15%
greater than that of zinc."
Although this rule of thumb can explain the effect of single metal
additives, it does not explain why cadmium and lead, which
individually have opposite effects, combined to improve zinc

positive performance in cells tested by ERC and ERADCOM.

Another approach to improving zinc electrode performance,

decreasing the solubility of the discharge product, has also been
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- evolution within the pore and zinc deposition at the dendrites.

investigated by McBreen and cpworkers. Zinc electrodes were
prepared using a 1:1 paste of calcium hydroxide [(Ca(OH)z)] and

zinc oxide. The zinc Wtilization, in 20% KOH, was 48%. The
addition of 8% of PbO increased the zinc utilization by 30%.
Research on decreasing the solubility of zinc anodes is

also under way at ERC but specific results were not available at the
time of the BECC.

Katan and Carlen, of Lockheed Palo Alfo Research Laborafory
(LPA), have continued the use of a model single poré electrode for
s;udying the morphological changeé in zinc during cycling. The
techniﬁde was described in SR-II and in the techni;al

(32) Katan and‘Carlen have recently shown that mossy

1iterature.
zinc grows on the tips of zinc dendrites within seconds after
switching to.open circuit. .The growth, in the direction of the
cgunter—electrode, frequently bridges the interelectrode gap. The
mossy zinc formed can'iead to shorting. This obéerva;ion is in
accord with the concept of a iincate-ion rich, reduced-pH
electrolyte arfiving from tﬁe counter electrode atkthe tips of the
dendrites closest to the countér électrode. fhis leads to the
formation of a local cell -at thé ziﬁc electrode wifh hydrbgén

| (33)
Liu, Cook, and Yao of ANL have been investiéatihg the

passivation of zinc anodes in potassiﬁm hydroxide. Based on their

review of the literature, they concluded that three different
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mechanisms have been proposed for passivation of the zinc
eleetrode:(34)

o Dissolution—precipitat1on model—-Precipitation of zinc
“hydroxide or zinc oxides occurs on the zinc surface
following the buildup of a critical concentration of zinc
moieties in solution leading to the formation of a layer of
Zn0 or Zn(OH)y on the surface. The surface layer
decreases the effective zinc area leading to passivation.

e Adsorption model--Hydroxide ions are adsorbed on the zinc
electrode to form a monolayer of Zn(OH)2 which releases
protons. . This results in a passive zinc-oxide film which
retards hydroxyl-ion diffusion to the zinc.

e Nucleation and crystal growth model--The zinc oxide
initially formed on the anode surface acts as nucleation .
gites for the growth of zinc oxide. The surface becomes
passivated when the zinc 1is covered by a layer of zinc oxide.

(For citations to tﬁe origina1 literature see reference 33.)

Current density vs. time measurements were conducted on zinc

mieroelectrodes (0.05 k 0.13 cm) set in acrylic plastic. Varioue
concentrations of KOH were used and the current density vs. ﬁime
 curves for passivation were determined.(sﬁ) Based on these

' measurements, Liu and coworkers proposed the scheme for passivation
shown in Figure 25. During the first step, t 2° the anodic

reaction producesizincate ions which accumulate near the electrode
surface because.of the slowness of diffusion. The zincate ion
builds up to.a critical coneentretion at which point type I ZnQ
forms. The critical concen;ration is believed to be three to four
times the solubility of ZnO in the KOH solution and independent.of

the initial zincate ion concentration. Reaction continues via the

3-62



£9-¢

Electrode Potential vs. Hg/HgO

-0.80

Zn + 4 OH —

Zn(bﬂ)z—+ 2 e

-1.00 - Zn + 4 OH';——*»zn(OH)if +2e
Zn (on)if—->2no + 2 OH + H,0
Growth of "Primary Films" of ZnO
-1.20 |

Zn + 2 OH—Zno + HyO + 2 e

-1.40

t t

- a - ' b
: ) : Time
Source: Reference 34, v

FIGURE 25
ZINC ELECTRODE PASSIVATION SCHEME

i

iGrowth of ."Compact Primary Layer' of ZnOf}”"
1 1

|



transport of hydroxyl'ions through the ZnO layer initially formed,
_ Tb' With the buildup of the Zn0 I layer the supply of hydroxide
ions becomes too slow for zincate ion formation, leading to type II
Zno formation and zincvpassivation. Observations were made on a
porous zinc elgctréde and it was concluded that siﬁple passivation
does not limit the utilization of a newly formed-porous zinc batter&_
electrode.

.Yamazaki and Yao of ANL developed a mathematical model for the
zinc/zincate ion eleétrode reaction in the pores'of the zinc

(35)

electrode. The model makessuse of Ohm's law for the pore and
the relationship between theiconceﬁtration gradient'of the'reacting
species and the current density in the pore. The results of the
calculation indicated that a considerable difference exists in the
current distribution in the pore durihg charge and discharge. Thé
physical.origins for the difference were traced to a'resistivity
cﬁange in the elect?olyte in thé pore and<a_change in fhe
interfacial reactio; reéistanceiat the elécfrolyte"apd pore mafrix
surface. The calcuiatién also éuggests that the pore structure of

an alkaline zinc electrode will change during charge and discharge

cycles even in a relatively small current region where no

passivation film is formed.

The model discussed above was tested experimentally using a
segmented porous electrode prepared by a photolithographic
(36) '

technique. Figure 26 compares the theoretical curve and

|
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observed data for reaction current densities at superficial current
densities of 15.8 and 78.9mA/cm>. The agreement is better at the
lower current densities. The estimate of a difference in the
current distribution befweeﬁvcharge and discharge was confirmed and
reasonable agreement was obtained betﬁeen the theoreticél and
peasured'current distfibution in the pores.

To aid in the engineering analysis of porous zinc electrodes,

Liu et al. have measured the éonductiyity of 7.32M KOH.containing

(

from 0>toli.5 M of zincate.>’) The conductivity was found to
decrease with increasing zinéate-idn, consistént with ﬁredictions
based on the mixtutebrﬁle. The conductivity of the KOH-zincate ion
mixture can be expressed by thevequatién: | |
TR T Caaar | |
where: .ko = speéific‘conductivity of the KOH electrolyte; y =

. proportionality constant; and C = molar concentration of

Zn(II)
zihcate ion.

Liu_ahd collaborétors’haQe ﬁndertakeh'the mathematical modeling
‘of the éinc'Vibrocel élecfrﬁdé'performancé.<38) AThe modei
considers the mass transport 6f zigcate and hydroxide ions, the
. fluid dynamigs, and the mechanism of zinc»deﬁosifion. The fluid
flows considered include free;convection due to concentration(
gradienté, oscillatory bulk and boundary flows inducedfb& the

vibration, and a steady circulatory flow which is observed in fldids

near vibrating bodies. The zinc deposition model is based on the
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effe&t of polarization on the degree of interaction of the zincate
ion with the electrode. Low polarization leads to weak interaction
and mossy deposits; high polarization leads to strong interéction
and dense'deposits. The following are some of the conclusions
resulting from the ébove considerations:

° The interelectrode spacing in the Vibrocel does not limit
free convection mass transfer.

° Further exﬁerimental work 1s required to estimate mass
transfer coefficients. :

] Charging at current densitites of 100mA/cm2 or more 1is
favorable for the formation of dense deposits and avoiding
mossy zinc. '

Several studies have also been conducted on the changes which

occur at the nickel-oxide eléctrode during cycling. Lenhart et al.
at Ohlo State have adopted a transmission line model for the porous

(39) Figure 27(a) shows a schematic of a

nidkél-éxide electrode.
porous electrode and Figure 27(b) an idealized schematic of a single
pore as well as the sources of impedance used in establishing the
model.. The analysis of thebeéuivalent Circuif for the electrical
characteristics of the pore showed that the total impédance of the
electrode 18 a coﬁpiex function of system variables. It waé
concluded that the.resistance of the metal as a function of the

charge/discharge cycle is of great importance. This resistance is a

function of the extent of rupture of particle contact as a result of

“cyeling.
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Experimental measurements of the charge transfer properties of

‘the nickel-oxide electrode were conducted using a 0.32-cm2-exposgd

end of a nickel rod mounted in a Teflon holder as the'working
electrode. An oxide film was formed on the eiectrode and its
impedance measured'at various frequencies. The oxide film thickness
was measured ellipsometrically. Based on the observations, the
diffusion of point defects is expected to be rate controlling for
the charging of the nickel electrode. '

The nickel~oxide film thickness influences the exgent of porous
electrode changes. Lenhart et al.’ﬁeasured the rate of film growth
which followed the inverse logarithmic law:

1/L = AB log t
where: L = film thickness; T = time (minutes); and A and B afe
constaﬁts.. When the poteﬁtiél was lower than -51lmV (vs:Hé/HgO) only
NiO, or its h&drated form, is stable. At h;gher potentiais, higher
oxidgs,»species‘of Ni(III) and Ni(IV), are formedf

The group at Léckheed haé continued studies on model nickel
pores having dimensions of the same order as those in practical
electrodes. This technique is detailed in reference 40. The most
recent studies.were on the effect of charging rate on the retained
capacity of the nickel oxide formed. At low formation currents the
nickel oxide cdating the films was relat}vely stable. _At_bigh
currents, the film capacity décreased with time. This effect of

high current charging was consistent with the concept of decreased
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stability of thicker filmé.due to their greater ease of
éxfoliétion.(al)

Greater detail.oﬁiihe structural changes of nickel Qxide during
charge and discharge has resulted from the spectroscopic studies-of
VJackoViﬁE:and Seidel of Westinghouse.(az) They h;vé-determined
the infrared (IR) and Raman spectra of charged and discharged
powders from nickel—oxide:eléctrodes. To assist iﬁ resolving the
spectra, deutefated potassium and liphium.hydroxides in deuterium
oxide were:used as weli as the no;mal‘hydrogen»compounas.f The
spectra of the charged‘material w;s coﬂsistent with a h&drated
NiO2 species, not a peroxide; but ;ery'closely relé;edvin
structure to Ni(OH)Z. This indicatés a greater valence change in
the Ni(OH)2 than the generaliy wriften_formula of NiO(bH). The
auﬁhors-gs;imate fhe change is of the order of 1.4 eléc%fops/nickél
_atom in the active material. - R s

‘Studies on the-éﬁiSSion>spectra of the active material cycled
in a solution of KOH and tioﬁ fndicated that the lithium fon is
preferentially adsorbed in the interlayer. The interlayer
concéntration of both Li+ and K+ is signifiéantly reduced in the
fuliy discharged activé material. This suggests the migration of-
the hydrated cations out of the interlayer during discharge.

_Thefmogtavimetric analysis of active nickel-oxide materigls

indicated three types of water to be present: non-coordinated



water, hydrated K+, and hydrated Li+. All active powders showed
an oxygen evolution peak at 250°C.
Jackovitz and Seidel_concluaed that their observations suggest
a speéific structure and stoichiometry for well cycled nickel
electrode powders Vhich, if'synthesized and properly incorporated
into a conduéting matrix, can drastically reduce electrode
swelling. Research is in progress to demonstrate this conclusion.
Sundarai et al. have reanalyzed the data on the‘activity of
potassium hydroxide, sodium hydroxide, and water in alkaline
solutions of interest to batteries. They have presented the results -
of their analysis of these activity coefficients as a function of
concentration and temperature in both ;abular.and graphic form.(az)

3.5 Alkaline Battery Status Overview

The iron/nickel—oxide.battery has met 1980 performance goals

and promises to meet several 1984 goals. The specific energy and

' power goals may, however, be difficult to aghieve as they require

improved utilization of active material. The iron/nickel-oxide

system has low round trip efficiency due to the low overvoltage of
hydrogen‘on iron and the difficu%ty 1nvoived in recharging the
nickel-oxide electrode. Low overvoltage impurities on the iron can
further decrease this efficiency. The electrode cost is high; both
the high-purity-iron and nickel-oxide electrodes contribute to this.

The various approaches to the zinc electrode problem show some

hope for improving cycle life through forced electrolyte convection,
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improved sepafator design, and the use of pdléed éharging techniques
(e.g., that of EkADCOM). The EXIDE Vibrocel_has shown markedly
improved cycle life, but with low round-trip energy efficiehcy.
Whethgr or not a combination of some of the approaches, such as
electfolyte forced.cqnvection, metalliied'sepérator, pulsed
charging, and inorganic édditives to the zinc;rcan overcome the
pérformance defi¢iencies should be determined.

The cost of the nickel-oxide positive ig a méjor deterrent to
meétiﬁg éhe cost goals. As haé been noted, Gould has eléqted to
withd?aw frém the zinc/nickel-oxide batterybprogram because of the
estimated high cost of prdductioﬁ for the positive electrode and the
resultant high battery life-cycle cbst due to the limited cycle
life. Himy has reviewed the status of this béttery and is very -
pessimistic with respect to achieving battefies Qith a‘low enough -
cost to make it econbmicélly attractive fof the electric |

(43) A detailed 1hdep§ndeﬂt evaluation of the probability

vehicle.
of achieving alkaline battery costs compatibie with electric vehicle

economics should provide valuable program gﬁidance.

§

3-72



4.0 ADVANCED BATTERIES

| The Advanced Batteries Subelement (ABS) is concerned with
battery systems whose electrochemical characteristics have been
shown to form a base for exploratory and engineefing developﬁent of
the battery system. Initially, the battery systems included were
lithium/metal sulfide, sodium/sulfur, and zinc/chlorine. Se§era1
other battery systems, which have not been programmatically included
in the ABS, are curreﬁtly in the exploratory and/or engineering
development phase for one or more of the application areas discussed -
in Section 2. Theée havevbeen included in this section. Several of
these batteries have one or more consummables fed to the electrode
from an external storage source. These have been called semi-
continuous and continuous feed batteries and include metal/air,
hydrogen/nickel-oxide, métal/halogen, metal/redox, and iron/chromium
redox batteries. The term "redox” is reserved for-soluble reactants
which produce soluble reactioﬁ products.

4.1 Metal/Air Semicontinuous Batteries -

The two metal/air batterieé 1nc1ﬁded'in the ongolng program are
the iron/air electrically rechargeable battery and the aluminum/air
méchanically rechargeable battery.v No further work on the 1lithium/
air and zinc/air cells, described in SR-II, was reported at the BECC

or included in reference 4.
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4.1.1 TIron/Air Battery

The general characteristics of the Westinghouse iron/air
battery system were described in the two preceding reports, SR-I and
SR-IT. It consists of a sintered poroﬁs iron negative, a bifunc-
tional oxygen electrode, and a 25 wt % potassium-hydroxide
electrolyte. Thg electrolyte is circulated during charge.

Improvements have been made in the iron and air elecfrodes.
Figure 28 compares the near-term and advanced cell polarization
curveé.(Aa) A lifé.of ovér»SOO cycles has been demonstrated for
the cycle—life controlling air eiectrode. vIt has also been
established that the air electrode can withstand more than 5,000
regenerative braking, i.e., high-current, short—duration, cycles,
Tablé XIX lists the characteristics of'abfive—cell (5.8 volt) module.

Using the methodology developed at the LLNL, Demcyk and

-coworkers at Westinghouse have made an iron/air battery mission

(44)

‘aﬁalysis. Two—- and five-passenger commuter vehicles, with and
without regenerative braking;;were evaluaéed.: A proposed 40kWh
.battéry system wﬁs estimated fo give the iarger vehicle a range of
120 km'énd the two passenger vehicle a range of 240 km. For the
same ranges,(vehiclesvwitﬁ regenerative braking. were found to
require approximately 5% less battery capacity and 3% less total
weight. It was also estimated that the iron/air battery would be

comparable in weight to the lithium—aluminum/FeS2 battery for the

same performance. The estimated cost for the mass produced iron/air
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TABLE XIX

IRON/AIR MODULE CHARACTERISTICS

Near-Term
Five Ce11-Weight ' | v - 2,350 g‘
'El;ctrolyte—Gas Manifold . 160 g
Interconnectors ' ‘ | 50 g
Total ModulevWeight ' ' 2,570'g
Total Module Volume 2.12.1
Energ? Content : o ' 352 Wh
Energy Density - 352 Wh/kg
Power’ . _ 400 W
Po@er Deqsitya _ - 154 W/kg
‘Volumetric Energy Denéity -0.167 kWh/1 .

3\t 150 mA/cm?.

Source: Westinghouse Research and Development
. Center. :



battery waé $40/kWh in 1979 dollars. ™ The Westinghouse estimates
~include an air scrubber to remove the carbon dioxide and the cooling
of the electrolyte by heat exchange with the incoming air. Figure
29 is ﬁ schematic of the thermal»management system.(45)
Additional details hafé been published on the preparation of
(46)

the iron electrode.. These afe produéed by pressing and
sintering a mixture of sponge iron powder an& urea between
perforated nickel curréntibollectors. Tﬁe urea acts-as.a pore
former. Sintering is carried out in a hydrogen atmosphére at
temperatures of 700 to 800°C. The density of the sintered iron in
thé ele;trode is approximately 227 of thg theoretical iron density.

.Although the oxygen electrode has been reportéd to achleve over
500'¢Yc1es, research 1s coﬁtinuing to ovércome its high degree of
1rreversibility and its tendeﬁcy to erode and delaminate on
¢§c11ng.‘ Tﬁe efforts to improve the bifunctional oxygen glectrode
ére being conducfed at Westinghduse, Case Western Reserve
Uﬁivérsity, and thévLawrencé Berkeley Laboratory.

'The scheﬁatic structure 6f the‘Westingﬁouse-air electrode 1is
- shown in Figure 30. Sintered-nickel-fiber grids are used as the
current collectors. The active material is a silverized carbon
powder which.contains other additives such as tungsten carbide
vcontaining 12% éobait; iron tuﬁgstate, and nickel sulfide

- along with fluorinated polymeric materials used to wet-proof the
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catalyzed portion of the electfode. The outer layer is also
wet-proofed; it consists of a ﬁixture of carbon powder and Teflon
30B. Tﬁe eiectrode is pfepared by pressing the materials to form
the green electrode structure. The green electrode is then hot
pressed at 37000',‘

“Westinghouse has reéently reported that the inofganic additives
present decrease the rate of silver loss from the electrode. The
‘rate of silver loss‘in the presence of the additives is sufficiently
low to assure efféctive catalytie aétivity over the frojgcted cycle
life of the battery.

.The results of the research on oxygen electrocatalysis in
bifunctional electrodes are also.pgrtly applicable to fhe
monofunctional air electrode in mechanically rechargeable air cells,
discussed in Section 4.1.2, fuel cells, and industfiai
électrochemistry, diséuésed in Section 6.0. The stud& at Case
Weétern Reserve University inyésﬁigaﬁed thé'extent of loss of the

(47) Failed

various componentsvof tﬁé_ﬁestinghouse air eleétfode.
ﬁestinghouse electrodes showed a loss of tﬁe metallic constituents,

Ag, Ni, Fe, W and Co, whén compared with new electrodes. Scanning_

electron microscopy showed that the carbon morphology of soﬁe failed
electrodes was similar to that §f oxidized carbons. It was also

observed that the structure of the Teflon in the hy&rophobic layer

changes markedly with heat treatment and with battery cycling.
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Volfammétry studies were conducted on the various components of
the Westinghouse air'elec;rodé. The results éhowed that the nickel-
oxide coating formed on the nickel mesh current collector was an
effec£iVe catalyst for oxygén,generation. The single additives
showed loss of mate;ial during cycling; however, electrodes
containing all the additives experienced a lower rate of material
loss. Yeager, of Case Western Reserve University, has noted that
the loss of_additives from the oxygen‘electrode can cause its
deterioration tﬁrough mechanical, thermal; and current distribution
effeqts. Contamination of the iron‘electrode by thé dissolution
products from the'aif electrode cén lead fo increaséd hydrogen
evolution at the negative electrode.

Short—term.oxygen generation studies‘at Case Western Reserve
University showed that the nickel'oxide formed on the surface of the
nickel-fiber grid was the critical.component in the oxygen
generation reaction. Of the various additives ﬁsed, NiS was most
effective in imﬁro&ing the anodic polarizétion of the oxygen
electrode and also was effective in decreasing the rate of ioss of

silver.

The importaﬁge of NiO in the charging.of the iron/air battery
confirms the desirability of having different catalysts for the |
disqharge and charge reactions. The following catalyst pairs have

been evaluated by Ohzuku et al.:(48)
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° Pt/NiO,--Pt, although effective for 0, consumption, is
not effective for 0, generation. In additionm,
dissolution of Pt and its deposition on the iron negative
can lead to hydrogen evolution.

® Ag/NiOy—-This pair is in current use with other
additives in the Westinghouse cell. Silver oxide shows
some solubility and can. deposit on the iron negativef

° The higher overvoltage of silver makes it less deleterious
to the iron electrode than platinum.

° Active carbon/NiOx-—Some carbons are active for oxygen
reduction but not for oxygen evolution. Although
oxidizable under charging conditions, carbon does not

- affect the negative electrode and is inexpensive.

) Others—-Macrocyclic cbmplexes, underpotential deposited
metals, and Li-doped Co304; appear promising as
bifunctional oxygen electrode catalysts. Various mixed
.metal oxides are also candidates for catalysts for the
oxygen electrode.

Ross's research at the Lawrence Berkeley Laboratory (LBL)

emphasizes the following:

° The redistribution of electrolyte within multicomponent,
multilayer electrode structures during charge and

discharge.

° The use of 014 to measure corrosion rates of carbon
black supporting materials. '

.. New concepts in catalytic materials and electrode
structures. .

Ruthenium and plafinum—ruthenium alloy clusters dispersed on
graphifizgd“carbon black, similar to phosphorie¢ acid fuel-cell
oxygen electrodes, are Being-studied for bifunctiohaiity. .The use
of a' separate charging electrode also is to be explored.

Liu of Westinghouse has investigated gas‘transport in

(49)

bifunctional air electrodes. The objective of his studies was
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to determine the uniformity of the electrodes and the effect of
non—uniformity on performance of the iron electrode. ' The
implications resulting from these studies were:

° Less uniform electrodes will generally have higher
polarization characteristics.

] Loss in capacity of the iron electrode may be due to the
uneven discharge of iron by the air electrode.

o Discharge of most of the oxygen formed during charge on
the air side of the electrode indicates the extent of
electrolyte penetration within the electrode. This
penetration can eventually lead to leakage.

The improvements made in the iron/air battery, especially in the
cycle life of the bifunctional air electrode, indicate that this

couple offers promise for meeting electric vehicle performance

goals. Continuing research on the bifunctional air/electrode
catélyst system and performance can be expected to lead to further
improvement.

The Westihghouse miséion analysis concluded that the iron/air
cell could meet near—term and intermediate electric vehicle
performance goals. The cell does not have the performance
capability equal to that of an internal combgstion'engine, since,
like all other secondary bétteries, it cannot meet the 15-minute
refueling goa;.

4.1.2 The Aluminum/Air Battery

The effort to develop the aluminum/air battery is centered at

the Lawrence Livermore National Laboratory (LLNL)Q The earlier
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research and development and the structure of the iLNL prograﬁ,
kincluding_the subcontractors and their tasks,.were revieﬁe& in SR-I
aﬁd SR-II. The program partiéipaﬁts, as of fhe fourth BECC, are
listed in Table XX. A cross'section of 5 planaf aluminum/air cell
and a simplified schematic for the aluminum/air battery system are
shown in Figure 31.

Anodé'étudies are being conducted on pure.and alloyed
‘aluminum.“ Mérris and Tsai (dontinental Group, Inc.) have reported -
dn the anodic dissolqtion of aluminum and an aluminum-gallium alloy
(RX 808) in sodium hydroxide and éodium hydroxide,_sodium stannate

(50) Earlier»studies using rotating aluminum disk

solutions.
electrodes and chronopotentiometric measurements have been extended
to cover a greater range of.temperatures. Critical current
densitles were determined as a'function_of temperature. These data
:wére used in an Arrhenius ploﬁ And an activation energy and -
preexponential factor were detefmined. TheimeaSured activation
energy was compared with,earlief values fbr'thefcorrosion of
aluminum and for_thevcrystalliZAtion reaction of Al(OH)3. The

rate constant of the dissolution reaction was also determined.

. The reéearch at LLNL emphasizes the investigation of the
electrode properties of a matrix‘of aluminum-alloy anodes/
electrolyte combinations. Separate polarization curves have been
obtained»forv;he anode solﬁtion reaction and the hydrogen evolution

reaction. The studies were undertaken to determine the effects of
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TABLE XX

ALUMINIUM/AIR MAJOR CONTRACTORS AND TASKS

Task ‘ Contractor

Overall Project Management R Lawrence Livermore National
: Laboratory

Anode Research and Development ‘ Lawrence'Livermore National
' Laboratory

Reynolds Metals Co.
University of Belgrade

Cathode Research and Development Diamond Shamrock
Lawrence Berkeley Laboratory

Reaction Product Handling Alcoa
Safety and Environmental Analysis . . IWG Corporation
Hardware Development Continental Group/Lockheed

Missiles and Space Co.

. Source: Lawrence Livermore National Laboratory.
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low levels of Ga, Fe, Si, Mg, Mn, and Cu in caustic-aluminate

and caustic—~halide electrolytes. Some of the above listed

impurities, such as iron, occur in the aluminum as recovered in the
plant. The economic benefit of using pot-line aluminum has led to
the investigation atheynolds ofvthe-aluminum;gallium alloy RX 808
with iron and silicon impurity levels corresponding to Hall process
aluminum. Using an impressed-current weight loss experiment with
the impure alloys in 4M caustic (NaOH), it was shown that at high
current densities the coulombic efficiency of the anode alloys was
proportionalvto their iron content. At lov current densities, the
anodic dissolution did not show this relationship but was related to
the grain,structure of the alloy. Similar results were obtained at
LLNL in alkali solutions containing stannate at high current
density. There was a substantial improvement in‘efficiency at low N
‘current density in the presence of stannate ion. Accordingyto
‘McNamara and coworkers at Reynolds, this suggests that tin from the
stannate containing solution was platingpoution the grainiboundaries
and preventing grain boundary attack. |

The addition of 0.04% Mn to the alloy containing 0.04% Fe
resulted in an improved coulombic efficiency. This is to be
! investigated in'greater detail. This development has potentially

important cost consequences as aluminum containing 0.047 Fe can be

produced at low cost in carefully controlled smelters.
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The unifunctional cathodeé for the aluminum/air céll are being
developed at the Diamond Shamrbck Corp.. Malkin and Barnes have»
noted that thesé electrodes differ from those being developed for
use in chlor—alkali production, as shown in Figure 32. They also
_differ from the structure of the bifunctional air electrode (Figure
30). The major problem‘in the design of the cathqde_is the
possibiiity of flooding of the elec;rode during standby as a rés&lt
of corrosién of the carbon matrix or as a resuit of larg; chaﬁges in

.

power demaﬁds”witﬁ a‘véhiclé going frdm idling to accelergtion to 
‘cruise and back to idling.(Sl); |

The preéent current‘colleétor is eithef silver—platéd Aickel
mesh or niékel—plated copper mesh. Thé wef—proof layer must be

4

conductivé since it provides the contact to the current collector.
This iayer must ﬁave good tensile>strength.and gpod édhesion to the
~active iayer to ﬁrevent delaminétion or bl}stéring;b The key '
variables in electrode ptepara;ion are the:preséuré&and temperaturé
at wﬁich the layer is f;rmed.?? | ” |

The test éléctrodes supplied by Diamond Shémrock‘to.LLNL
contain 2.4 mg Pt/cmz. Work is in‘ﬁrogress on reduciﬁg the
platinum content and substituting silve? or cer;ain macrocyclic .
complexes for platinum. Results of these studies are ;hown in
Figure 33. The chaﬁge in electrode.performance with time under

intermittent load is also being determined. The electrode

2 o
containing 1.2 mg Pt/cm met LLNL specifications after 175 hours
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of intermittent testing with a voltage decay of 76 millivolts at a
current density of O.SA/cmz, the highest current dénsity |
investigated.

Studies of the catalysis of the monofungtional air electrodes
are reviewed ip'Sgétion 6 below because much of this effort has been
oriented toward thé air electrode for 1ndustriai applications.

Scale~up and engingering of the aluminum/air gell is in
progress. Figure 34 compares the performance of various experimental
cells.

Rapidiy refuelable batteries are being designed and tested.
Figure 35 illustrates a Lockheed design for such a batfery. Ihe
cell cover plates can be removed_and alﬁminum.anodes added without
removal of the'residual,unspent'ahode. The design has been tested
on éingie cells and the results were satisfactory.

As part of.the battery operation, the spent aluminum is to be
remerd from the battery in the form of hydrargillite [Al(OH)3]
and reprocessed to aluminum. To test this concept, a cell has been
operated with the control of the aluminate ion concentration in the
electrolyte by precipitating the hydrargillitelin a crystaliizer
unit. Tﬁe decrease in aluminate ion concentration through the use
of a crystaliiier unit is shown in Figure 36.

The principal performancé objectives fdr fhe system are:

Specific energy--350Wh/kg

Specific power-~170W/kg
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Polarlzation curves are provided for identlcal pairs of electrodes in
small-scale cells (25 cm?), 1arge—scale cells (0.1 m?), and in rapidly
refuelable cells (Ml series, 167 cm 2y and refuelable bicells M2 se- B
ries). Displacement of the electrode poténtial curves (no correction

for IR drop) for the Ml results from a change in the virtual position

of the reference electrodes. Anode, Al-0.07 Ga; electrolyte, &M -

NaOH + 1 M Al(OH)3 ,aq t 0.06 M NaZSn(OH)G, temperature, 60°C.

FIGURE 34
COMPARATIVE PERFORMANCE OF ALUMINUMIAIR CELLS
AND BICELLS
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'~ Source: Lockheed.

FIGURE 35
REFUELABLE ALUMINUM/AIR BATTERY
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These values are for the batter& system as illustrated in Figure 31
ébqve. Until complete units are operated so éha; system weight and
size can be minimized, estimates of performaﬁce can only be based on
design results. It is also impoftant to develdp data'on the ratio
of aluminum corrosion to faradaic aluminﬁm to dete;mine the

magnitude of any potential hydrogen evolution problem as a function

of power output.

4.1.3 .Hydrogen/Niékel—dxide
| The hydrogen/nickel-oxide couple was included among the céllé ,
of potential interest for solar applications. This couple had not
beén considered in earlier reports; the cell has been developed for
space appiications. The cell reacfions are:

~ Negative:

1/2 Hy + OH ~ Discharge Hy0 + e”
Charge

Positive:

N10(OH) + Ho0 + e~ Discharge Ni(OH)y + OH™
Charge.

Net reaction:

1/2 Hy + NiO(OH) Discharge Ni(OH),
‘ Charge

Theoretical Specific Energy: 336Wh/kg
The electrolyte for the cell is 307 .KOH and asbestos sep#rators are
Qsed. | |

The configuration of the cell developed by fhe Air Force is

shown in Figure 37. The electrode stack assembly is contained in a
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hermetically-sealed, thin-walled, cylindrical pressure‘véssel.
Dimensions for a 50Ah cell are: diameter 8.9 cm and length 21.3 cm
(exclusiﬁe of terminals). The weight is 1.2 kg. The hydrogen
pressure varies from 40 atm at full charge to 7 atﬁ Wwhen
discharged.(32) | |

The accumulation of oxygen during charge is prevented by tﬁé
ﬁresence of a platinum catalyst on the negative electrode to
éatalyze the hydrogen oxygen recombination. .Ihe hydrogen/nickel-
oxide cell has a built-in, stétefof—cha;ge-in&icator; the hydrogen
pressure. One deficiency of this systeﬁ is that it undergoes |
self-discharge via the direct reaction of H2 and NiO(OH).

The hydrogen/nickel-oiide cell has shown long cycle-life (7,000
cy¢1es) at 80% DOD and at high rates of’chargef‘ The cell can bé
maintained at full charge by trickle,charging ét the rate of
self-discharge. It.is capable of high rates of charge and has good
energy efficiency (75—802).

The cell is designed for space applications. Clifford and
Brooman have estimated the performance characteristics of the
cylindrical cells when packaged as a 25kWh hydrogéﬁ/nickel—oxide
battery system for stationary terrestrial applicatioﬁs.- The results

il

are listed in Table XXI. ,
The major drawback for this cell, in its aerospace
configuration, is its high cost. However, Clifford and Brooman

report that various designs have projected costs ranging from
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TABLE XXI

PRELIMINARY ESTIMATES FOR 25-kWh HYDROGEN/NICKEL-OXIDE BATTERY SYSTEM?

Battery | ' Battery
Parameter L o Cell Module . : System
Number of cells ' 1 . 8 : 160
Voltage--nominal, volts 1.25 10 200
maximum, volts ' 1.50 ' 12 ’ 240
minimum, volts ‘ 1.00 ' 8 160
Rated Capacity, Ah ' : 125 125 125
Wh 156 1250 25,000
Length, in (cm) ‘ 21 (54) 21 (54) . 42 (108)
Width, in (cm) : 3.5 (9) - 14 (36) 28 (72)
Height, in (cm) . 3.5 (9) _ 7 (18) 35 (90)
Volume, £t3 (1) 0.15 (4.2) 1.3 (33.7) . 28 (675)
Weight, 1b (kg) : 5.2 (2.4) 45 (22.7) 1000 (455)
Energy Density, Wh/in3 (Wh/1) 0.6 (37) : 0.55 (34) 0.5 (31)
Specific Energy, Wh/1lb (Wh/kg) ' 30 (66) 28 (61) 25 (55)

Footprint, kWh/ft? (kWh/m?) 1.8 (20) 1.8 (20) 3.2 (34)

VaBased on aerospace cell design, includes container, does not include thermal control
subsystem or- power conditioner.

Source: Reference 52-



.24

$50/kWh to $250/kWh. They estima;e a minimum materials cost of -
$20/kWh, processing costs of $30 to $80/kWh, and a pressure vesse;,
céét of $50 to $150/kWh. Their total baftery cost estimate is $100
to $200/kWh (in 1980\d011ars) with volume production.

When this report was prepared, Sandia National Laboratories was.

planning to initiate efforts leading to a low-cost

hydrogen/nickel-oxide battery system for solar applicatioms.

4.1.4 Metal/Continuous-Feed, Positive Batteries

Three couples are td be discussed in this section: .the
zinc/chlorine, zinc/bromine, and zinc/ferricyanide.  The last of
these has beeﬁ:iﬁcluded aléhough it is 1e;s well develb%ed and it is
one of the exploratory couples intluded-in-thg Electrochemical
Systems Research Subelement. Tﬁese cellsninvolve the dissolution

and redeposition of zinc during discharge and charge, respectively.

- All three systems are_qlect:ochgmically reversible.

4.1.4.1 Zinc/Chlorine Battery. The major thrust of the

zinc/chlorine development effort reported at the BECC was on the

'production of a battery for evaluation in the_BEST facility. This

effort is_jointlyAspongored by DOE, EPRI, and PSE&G, with EDA also
sharing the.cqst; o

The_éharacteristics of the zinc/chloriﬁé‘cell_were deséribed in
SR-I and SR-II. As of June 1981, two 50kWh prototype models had

been built and were undergoing cycling tests. The modules could be
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charged and discharged without operator intervention although they
- were not under automatic control.

The design and analysis of the BEST installation were completed

and a site-specific commercial battery has been designed. Submodule v

manufacture has been 1ﬁp1emented in the pilot-plant facility at -

Greensboro, North Carolina. Development of module components, i.e.,

puﬁps, heat exchangers, and valves, is continuing in order to
improve coﬁponent reliability, efficiency, and manufacturability.
Supporting investigations to improve battery performance are being

conducted under EPRI sponsorship.

4.1.4.2 Zinc/Bromine Battery. The zinc/bromine battery, as
reported in Section 2, is a candidate for applicatibn in
soldr-photovoltaic systems. It is also being evaluated for use in

distributed energy systems. The two efforts are oriented toward

fuifilling the requireménts of sﬁecific applications: Exxon, solar '

photovoltaics; and Gould, distributed energy systems. The Exxon
system may be suitable for mobile applications but this is outside
thé scope'of the company's present contract. Although the
1nvestiéation of the zinc/bromine couple for use in mobile -
applications haé been deemphasized and waé not covered 1n tﬁe fourth
BECC, this application is the subject of considerable interest.
Improvement;_in performance through the use of supported
electrolytes and potentiél low cost provide the impetus fér this

renewed interest.
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Tﬁe.general characteristics of these two systems‘ahd the
approaches of the two contractors were reviewed in SR-II.

The bipolar arrangement of the cells in the zinc/bromine
battery leads to the presence of shunt currents‘due to the use of a
common electrolyte for the cells"in series. The formation of zinc
dendrites duringfchafge haé been'partially‘attributed to the
presence of the éhunt éurrents; Zahn and thers at Exxon have
patented a meghod for the miﬁimization of shunt currengs.(53) As
stated in the initial patent, "the methoa involves applying a
protective current through at least a portion of said‘conducpive\
bypass path in a direction which is the same as the shunt current
through said shared electrolyte and of a magnitude which reduces

said shunt currents.” The improved method involves the use of

"tunnels” between branched channels rather than passing a protective

current through the common manifold, as in earlier patents; The

tunnel and manifoid arrangément is shown in Figure 38. Shunt
current ppdtection allows the repeated fartiai discharge of the
battery wfthout the need to comple;ely discharg; the battery at the
end.of each cycle. ‘It is anticipated tha; this approach to shunt
current minimization will reduce pumping and p;rasitic power in |
certain designs.' Manifold shunt current prote¢tionlhag been
demonstrated for over 100 cycleslin a test battery.

Bellows of Exion also reported that the selectivity of

microporous membranes has been improved through a low-cost treatment
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. involving polyelectrolyte additives. Thié treatment was reported to
improve coulombié efficlencies, probably through decreased diffusion
of bromine to the zinc negativé. This is accqmplished with no
increase in resistivity. |

The battery electrodes have been made using both injection
molding énd a novel co-extrusion technique. In a recent deéign, the
co~extruded bipolar electrode is sandwicﬁed betwegn the microporous
separators. ‘The sepafator has molded supports on ﬁoth surfaces to
maintain uniform electrode spacing. The electrolyte flow
manifolding is formed by injection molding of a fiow network Atound
the periphery of the separator. |

Life testing of the electrqdesvand separators under use
conditions has not identified any life-limiting mechanism in the
sysfem. Tﬁe use of-hydrogen—bromine recombination and excluding
.oxygen from the system énables maintenance of the pH level in tﬁe
battery. Multi-kWh systems,»wifh Hz—Br2 recombination, have
been deep-cycled for over 100 cycleé.

Performance test;ng has been conducted on 500Wh and 3kWh
batteries. Stable performance has also been demonstrated in 3 and
IOkWh suﬁ-modules. Current module performance ;haraéteristics, as
well as projected performanée‘characteristics, baéed on 500Wh test
modules are 1isted in Table XXII. .

Cost studies based on the demonstrated extrusion and injéétion

molding techniques have shown that this battery, with plastic
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 TABLE XXII

ZINC/BROMINE BATTERY PERFORMANCE

Units/yr

Exxon Gould
Unit Presenta Projectedb Mod 2A
- Electrochemical Efficiency % - 68-73 72-78 73
Voltaic Efficiéncy A 85 . 85-90 87
Coulombic Efficiency % - 80-85 85-90 84
Energy Efficiency _ i 65-70 ~70-75 70
Specific Energy . Wh/kg 55 65-70 40
Energy Density . Wh/1 70 80-85 -
Specific Power (20-sec ) W/kg 80 * 90-100 30
Power Density W/l. 90 105-110 --
Discharge Voltage : volts 80 (50 cells) 120 (75 cells) ~—-
Factory Cost--100,000 19818 - $28.05 $88.00

®present electrode performance of X-3 modules in 20-kWh design.

bPresent electrode performance of 500-Wfsystem in advanced 20-kWh design.
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electrodeé, bipolar stacks, bromine complexation, and circulating
eleétrolytes, could be produced in 20kWh units at a rate of 100,000
units/year at a factory cost of $28/kWh (in 1980 dollars). This
doeé not include return on investment and varioﬁs indirect charges.

For the solar photovoltaics application, plans are to develop a
micropr;cessor controller, extend cycle life, and scale-up the
system to 20kWh. The delivery to Sandia National Laboratories of a
20kWh stand-albne system is scheduled for late 1983.

The Gould system has some features whichIAiffer from the Exxon
cell; ﬁowever, the over#ll systems are quite similar. _Fiéﬁre 39
shows the cell stack componénts for'the Gould zinc/bromine cell. A
feature of the.céll, not clearly sﬁown in the figdre, 18 the
presenée of a carbon felt 'in contact with thé positive eiectrode.
This increases the effective surface area of the positive and
decreases the polarization. The presence of the carbon felt
increased ?he sub-module efficiency from 55-60% to 65-70%Z. The
separator 1s microporous Darémic. 1The bipolar plate 18 a thin sheet
éf non—-porous carbon. The electrolyte is zinc bromide and potassiﬁm
chloride. An additive for'improved zinc deposition is included in
the anolyte. Thisvenables zinc electrode capacities of 200
inAh/cm2 without dendrite growth. Screéning tests have shown the
stability of thé.preferred bromine comﬁlexing agent. Figure 39 also
shows the inlet and outlet ports for the circulating aﬁolyte and

catholyte.
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FIGURE 39
ZINC/BROMINE CELL STACK COMPONENTS
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The battery hardware prog;am has focused on the design
optimization of a 1lkW, 5 to 8kWh sub-module of 1 ft (30.5 cm )
bipolar cells in a filter press stack. Three sub—ﬁodules have been
tuilt'and tested. 'Design improvements have been incorporated in the
sub-modules. One six—plate'unit achieved 700 cycies in continuous
automatic testing; Energy efficiencies of over 73% were obtained, in
initial cycling. A stand-alone, 10kW, 50 to 80kWh module,
eqnsisting of 10 sub-modules, is currently under construction. This
is to be a subscale prototype of a much larger, e.g., 1MWh module
for stationary storage applicetions.

Performance characteristics of the Gould battery are included
above in’Table XXII. It should be noted that the performance valdes
“for the Exxon and Gould systems are not completely comparable
‘because the development status of the two systems is different.

Gould has carried out a cost study on its zinc/bromine system
}for 1axge,volume‘produetion (Z,SQOMWh/yr)vOf 10kW modules.(sa)
The calculated costs were $188/xwW fqr the stack components and

$12/kWh for the chemicals. These costs applied to purchased
materials and components in a ready—to-assemble condition. The
balance of system components (pumps, plumbing, structures, etc.)
totaled $194/kW for a module cost of $382/kW and $12/kWh. For a
S5-hour diseharge system, this results in a cost;of $88/kWh.

Gould has also conducted suppdrting research related to the

zinc/bromine battery. Thermodynamic data (enthalpies, entropies,
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and free energies) were méésured over the ranges of electrolyte
concentrations and temperatures used in battery service. These were
used to predict the reversible_thermodynamic heat rate and hgat rate
due to irreversible losses. The sum of these two factors represents
the design load on the heat exchanger during isothermal operation.

The‘kinetics'of the bromine release from the liquid polybromide
comﬁlex Qere determined for uée ip'the design of the bromine storage
' system. | | |

Both Exxon and Gould have made progress siﬁce late 1979’on
development of the zinc/bromine battery. The cést estimates differ
markedly, with Exxon reporting $28.80/kWh and Gould, $88/kWh. A
detailed comparison of the two cost -estimates appears‘desirablé to
resolve the large cost differences for fwovsimilaf.systéms.

4.1.4.3° Zinc/Ferricyanide Battery. The initial DOE-supported

studies on the zinc/ferricyanide‘systém &ere reported in SR-II.  The
‘cell has some ‘similarities to the zinc/halogen systems except that
the positive reéctant, the ferficyanide ion, rem#ins in the
_cathoiyte solution and undissolve& zinc_oxide in the anolyte is
accuﬁuléted in an external tank. On charge, the zinc oxide is.
dissolved in the circulating'anolyte-énd rédepositéd and the
ferrocyanide in the catholyte is récohvertgd to the ferricyanide.
Separéte pumps and filters are.included in'the anolyte and catholyte

circulating éystems.
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The experimental electrode and céll studies used 60—cm2
electrodes. Ihe‘negative plate was cadmium-plated iron, copper, or
brass. Copper and brass were the preférfed materials as their
voltaic and coqlombic efficiengies are greater than thgt of the
cadmium-plated iron over the range of alkali concentrations of
interest. Zinc capacifies as high as 3,000Ah/m2 have been shown
to be réversible under the celi operating conditions.

| Tests of a cell consisting of a sintered-nickel electrodé for
the redox positive, a cadmium—plated iron substrate for the zinc
negative, 5N NaOH electrolyte, and a NAFION N4114 separator were
conducted at a current density of 350A/m2 for 950 cycles.

Lower cost technology and cells are being investigafed aﬁd the
' prefefred configurati&ﬁ reported at the June 1981 BECC c&nsisted of:
e Graphite-felt positive; |
e Brass or copper as negative electrodeisubstrate; and

e ‘Use of RAI Permion P-1010 in place of NAFION N-114 as the
membrane. ' : '

The performance of a cell based on the preferred configuration and

7

using 2N NaéH as the supporting electrolyté is éhown in Figure
40,09 -

An economic analysis at Lockheed, which assumed the Aevelopment
of low cost technology, suggested a battery selling price of
$32/kWh, an installed price of $230/kW, and a footérint of 94;

kWh/m, as realistic-goals for a 20MW, 100MWh system.
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| FIGURE 40
PERFORMANCE OF ZINC/FERRICYANIDE CELL
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The Lockheed 1nvest1gat6rs consider the following as the
primary remaining issues in the establishment of the cell as a
candidate system for_use in dispersed, including solar, systems:

° Development of a low-cost bipolar electrode based on
plastic carbon technology;

° Determination of scale-up criteria for 0.1-m? electrode
single cells;

° Design and development of a five-cell, 300W multicell

: battery;

° Evaluation of applicability of batteriés to solar
photovoltaic and dispersed energy storage; and

° Engineering studies of materials selection.

4.1.5 NASA Redox Battery '

Current emphasis on this battery system, despribed in SR-11, is
as a storage system for solar energy systems. It has also been
conside;ed, and has potential, for distributed energy systems.

The battery system consists of a soluble anode couple chromous

ion/chromic ion, and a cathode soluble couple of ferric ion/ferrous

ion. It involves a circulating anolyte and a circulating catholyte,
an ion exchangé membrane separating the two electrolytes, external
reactant storége, and trim, charge—indicator, and rebalance cells in
éddition to the cell stacks;(56) The trim cells are switched in

or out of the load circuit to maintain the bus voitage. The
charge-indicator cell is used as é reference cell to determine the

state of charge in the power generating cells. The rebalance cells
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are to convert products of side reactions back to cell reactants to
maintain reactant concentrations.
Hagedorn has described in detail the NASA 1kW, 10kWh

(57) Thé design parameters for this battery

preprototype battery.
are,ligted in Table XXIII. Figure 41'shows the polérization curves
;t three different states of charge. The sharp increasé in voltage
shown by the charge curve for 75%bstate of charge 1s accompanied by
an increase of hydrogen evolution.

The lkerreprototyPé'system Showgd that the control concepts
were valid and trouble free. The deterﬁination ofllossvmechanisms
has provided direction for désign chaﬁges which can decrease these
.losses. It is egpected thaf pumping and shunt lﬁsses will be
deéreased when larger sysiems‘are builf. The mgfked decrease in
pefformaﬁee at low tempetéture, because of increased cell
resistance, mékes it desirable to employ passive'temperature'.
‘méﬁégement; such as undergound stofage,lto prevent loss of
perfofmance.

, Tabie XXIV shows the rélatignship between redox system
characteristics, based on experience with the 1kW preprototype
battery, and other system§ ihvestigated with regard té battery
requirements for solar systems. The shortcomings of the NASA syétem
relative to these requirements for deep-discharge applications are:

) Round trip energy efficiency;

® Operating temperature range; and
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TABLE XXIII

NASA REDOX SYSTEM DESIGN PARAMETERS

Gross Power. . + & ¢ v v ¢ v ¢t v v v e e e e e e e e s e e s . . 1,260W
Nominal Net POWEY. « ¢ ¢ o ¢ o « o o o o o s o o o s o o » .« . 1,000 W
VOLEAZE. + « « « o « o o o o o o o v o o o o o o o o o o . 12045% volts-DC
Number Of StAcCKS. + ¢ v v o o o o o o o o o o o o o o s o o o o s o o o &
Number of Cells per Stack. « « & v & & ¢ &4 o o o o « o s+ o o o o« & « 39
Number of Trim Packages (six cells each). . . . « « « ¢ « « « « « « . . 10
Depth of Discharge Range. . . . . « ¢« « ¢ ¢« « + « & « +oe . . o 80-20%
Reactant Volume (each). . . . « ¢ ¢ ¢ v ¢ ¢ o« o o 700 1 (186 U.S. gals)
Reactant Energy Density (end of life). . . . . . . . . . . o . . 14.5 Wh/1
Cell Active Aread. « . o v v o« o o o V.,............320cm2
Nominal Current Density. . « « « « « « ¢ o o « o o & . e « . . 30 mA/cm?
ReactantS. . « « « ¢ o « o « o » o o o o o o o o & « 1 M/1 FeClj, 2 M HC1

‘ ‘ o : 1 M/1 CrCl,, 2MHC1

Reactant Flow Rates per Cell (nominal). . . . . . . . . . 100 150- cm3/min
Parasitic Losses : :

Pumps (15% pump efflciency) S e e e s e s e e e e e e e e s .120 W

Shunt POWET. ¢ ¢ v v @ ¢ o« ¢« o o o = o o o o o o o o . . . 1200

Number of Rebalance CellS. . « « « o & e v o« o o o o o o o o & e « .« 5

‘Number of Charge Indicator Cells. .« ¢ ¢ ¢« & v &« & ¢ & « o o o o o« » o &« 1

Source: Reference 57.
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FIGURE 41

POLARIZATION CURVES, CHARGE AND DISCHARGE, FOR THE

NASA 1-kW REDOX STORAGE SYSTEM
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TABLE XXIV ;
COMPARISON  OF NASA REDOX BATTERY CHARACTERISTICS AND SOLAR CELL

SYSTEM REQUIREMENTS

CHARACTERISTIC

DEEP DISCHARGE

R;quirement

4.0-kW/24-kWh System

8.0-kW/48-kWh System

SHALLOW DISCHARGE

Requirement

9.3-kW/2,245-kiWh System

I System Voltage -

160 to 240 volts, 200 volts
nominal, 200 volts

15 to 50 kWh, 24 kWh nominal
nominal, 25 kWh

1 hr maximum,
6 hrs nominal

Cahacity

Rate in Service 6~hr discharge

20 yrs nominal

Energy Efficiency 80% minimum 70.1Z (64.8%)%

round trip
Self-Discharge 1% /week maximum 12
Temperature Range 0°¢ to §0°C 20°C to 55°C
Maintenance Minimum automatic
’ desired

- {Charge Rate o -

Cost Goal $100/kWh for 700
: cycles, $50/kWh

for 7,000 cycles

Any SOC, 7 days Yes
minimum during

any 3-month

period

factory cost

Stand without
Damage

'ruilding‘Code Acceptability

Duty Cycle Daily ‘discharge 20 to 80% DOD
to 80Z RC :
Life 5 yrs mninimum 20 yrs nominal-

. Pumps not running

$134/kwh (115 kwh)?

200 volts
48 kWh nominal
6~hr discharge

20 to 80% DOD

+20 yrs nominal
71.3% (67.0%)%
17

20°C to 55°C

Periodic pump servicing

$130/kWh (115 kwh)®
factory cost

Yes

Low pressure, low temperature

12 to 120 volts

8-hr rate .o
25 to 2,500 Ah @25°C
8 hrs maximum.

250 hrs normal

Daily--5% RC
Annual--100 to 20
to 100%Z RC

5 yrs minimum
20 yrs nominal

"BOZ minimum round

trip
1%2/month maximum

-40°¢ to 60°C
Yearly maximum,
none desiratle
8 hrs maximum

$100/kWh maximum .
$50/kWh desirable

Operate l'yr
minimum at less
than 100% SOC

Withstand environ-
mental effects

120 volts-DC .
N/A
250 hrg (design)

Daily--50%RC
Annual--80 to
20 to 80% RC

20 yrs

76.2% at max pump
and shunt power losses

0.05% pumps not running
20°C to 55°C
Periodic pump servicing

46 hrs

$59/kwWh,
factory cost

4

"Yes

Function of installation

Note: RC = Rated capacity; SOC = State of charge.
aFor minimized system cost.

Source: National Aeronautics and Space Administration.



® Préjected cost.
For shallow—discharge solar applications, thé NASA system
characteristics closely match the requirements.

Decreasing ionic membrane resistance and reactant crossover
have been major fesearch efforts for cell performance and lifé
improvement. keceﬁt advances in membrane technology have been

reported by Ling and Charleston of the National Aeronautics and

Space'Administratioﬁ.(ss)'

The membranes investigated were made by
Ionics, Inc., and are baséd on variations of a copolymer of
vinylbenzyl-chloride and dimethylaminoethyl methacrylate (CD1L
series). The best of thgvmembranes examined showed a marked
resistance to surface fouling. The area resistivity with Fe+3

flowing on both sides of the membrane was:
o 3.6 Q—cm2 in 1.0M HC1

o 3.9 Qrcmz in 0.5M ré+3

o 5.4 Q-cm’ in 1.0 Fet3

- o 10.3 Q—cm2 in 1.5M Fe+3

All iron solutions contained 1,0M HCl. It was also shown that the
surface fouling was primarily due to the ferric.ign which forms
complexes with the chloride ion present. Figure 42 shows the
estimate of the effect on battery cépacity of crossover of iron

ions. The curve 1s based on measurements and the equation for the

rate of crossover.
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- FIGURE 42
CAPACITY RETENTION ESTIMATE FOR NASA REDOX SYSTEM
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The study of pumping losses in NASA redox cells has shown that
these are derived from two sources:(sg)
e Interelectrode spacing; and

e Compression of the carbon felt structure which forms part of
the electrode.

It waé estimated that the pumping power losses constitute less than

5% of the overall parasific losses in the system. \ |
Gahn and Thaller have repo;ted on ;n accelerated test of the

goldAand lead éétalyied positive electrode, which they‘consider to

(60) The basic assumption of this

-be cell life dete;mining.
accelerated test wéé that the voltage swings taking place during the
course of the discharge are moré important than the ampere-hour
capacity of the fluids that are being discharged. Thié enables the
use.of short duration testing. The testing was carried out
~automatically using approximately 100 rapid cycles per day. The
hydrogen evolution tendency of ﬁhe negativevplate,.which is a
.measuré_of.;he‘gatalyst_condition, was determined. gell,current
vbltage characteristics were checked after 500 répid cycles. The
.electrodes were tested for 20,000 rapid cycles, with anolyte and
catholyte changed every 2,000 cycles to avoid the possible effects
‘of cross?over. This test was equivalenﬁ to .one cyéle per day for 50
&ears. Using the same electrode and flowing solutions, another

3,000 cycles between 10 and 90% depth-of-discharge (DOD) were

obtained. At that time the hydrogen evolution rose sharply, leading
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to ampere-hour efficiencies of 90 to 9SZ and the test.was
terminated. 'The reliability of.thgsewtésts as predictive tools is
still,to be established.

The éfforts to date show a‘cohﬁinuing improvement in the
- performance of the rédox cell. The scale—uﬁ of tﬁe redox batteries
and their evaluaéion in solar photoﬁoltaic systems 1s planned.

4.2 Lithium-Alloy/Iron-Sulfide Battery

Research_aﬁ& development on thg 1i;hiuﬁ-alloy/iroh-sulfide
battery is under the tecﬁnical manégément of the Argonne National
.Laboratory (ANL). The organization of thg progrﬁm is shown in
Figure -43. The sfatus of battefy research and development, as of
the third ﬁECC, was described in SR-II.-.The_curfent perfbrmance
goals féf tﬁe lithiuﬁ—alloy/iron-sulfide electric vehicle (EV)
battery are shown in Table XXV. Although stationary batteries for
l'distributed éhergy'systems afe an objective of fhe program; current
devglopmen£a1 effort is focused on the EV'baftery,' The research and
development for the Mark II baﬁtery emphasizes:

@ Improved cycle life;

] 'Demonstration of cell reliability; and

. Building and testin; 10~-cell battery modules based on

-‘demonstrated cell improvements.

The followiﬁg sections discuss the status of the technology. for the

Mark II battery and the results of research on cell chemistry and

cell components.
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TABLE XXV

PROGRAM GOALS FOR THE LITHIUM-ALLOY/IRON-SULFIDE
ELECTRIC VEHICLE BATTERY

Mark II Mark III
- : FeS Fe82
Specific Energy (Wh/kg) -
Cell (average)® =~ .12 160
Battery . , - 100 ‘ 130
Energy Density (Wh/1)
Cell (average) ‘ 300 , 400
Battery 150 v‘_200
Peak Power (W/kg)b
Cell | 185 320
Battery T 150 260
Jacket Heat Loss (W) ; 75-150 © 75-150
Lifetime
‘Deep Discharges ‘ 500 1,000

%For a 4~hr discharge rate (120 mile range on J227 a/D cycle).

bPeak power sustainable forup to 30 secs at 0 to 50% of battery
discharge; at 80% discharge, peak power is to be 70% of value.
shown.

CHeat loss to be optimized based upon vehicle duty cycle.

- Source: Argonne National Laboratory.
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4.2.1 Lithium-Alloy/Iron-Sulfide Cell and Battery Studies

The failure of one of the two modules of the Mark IA EV
battery, reported in SR-II, led to a concerted effort to better
understand the causes of cell failure. Both the failed and unfailed
modules were subjected to a detailed examination and the failure was
attributedvto leakage of electrolyte, whicﬁ resulted in short
circuits among the cells and Betwéen the cells and.the cell tray.
.Battles et al. have described the facilities developed at ANL for
post—test examination and failure analysis of Li—Ai/FgSx cells.(62)

Post-test %xamipations were conducted at ANL on 46 multiplate
cells and 47 bicells. The major cause of failure for the cells
ﬁésted was.extfusion of active material from the electrodes which
results in a‘short circuit. !This indicated a need for.strengthening
the electrodé,Structures.

Cell swelling, which requires that the cells be restrained
mechanically during cycling, was' found to be caused by gas pressure
and electrode expansion. The gas pressure effects were minimized by
modifying the éell filling pfocedﬁre. Studies are céntinuing on the
effect of electrode loading and_éther factors on cell swelling.

The diagnosis of Mark IA modules formed part of the input to
the design and testing of cells for the Mark II battery. To measure
the progress in meeting the Mark II perfofmance goals, the Status -
Cell Program was ins;ituted. fhe program consists of testing groups

of 12 identical status cells fabricated by ANL, Eagle Picher, and
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Gould. The ultimate goal of the test of the status cells is to

predict cell reliability. The results of the tests are to be
analyzed using statistical analysis in order to predict the eﬁcle
life of the cells.

At the time of the fourth BECC, fiée:é;oups of Mark II status
cells had been tesﬁed;. The distribution of ;he test results of 12
ANL cells included in the status cell studies is shown in Figure
44. Table XXVI lists the reeules.of the statistical analysis of the
cells examined.. ﬁerk 1I staeus cells with speeific energies of 92
:5 99Wh/kg and with peak specific powers fahging froﬁ 55 ;q 100ﬁ/kg
were reported. These arelbelow fhevMark II goals of 125Wh/kg and
185W7kg for specific energy and specific_powep, reSpeetively.
However, ANL reported ;he'fabricatioﬁ of ae exéerimental multiélate
cell with a speeific-power of 192W/kg at 50% state—of—charge (SOC)‘
_The specific energy and cycle life of this cell were not given.
Another reported accomplishment was a decrease in the rate of
capacity loss from 0.3%/cycle toLO.QBZ/cycle.

The main goals of the Eagle Picher Mark II deveibpment program

. were:

e The incorporation of boron nitride (BN) felt into the cell
design; -

‘e Elimination of material extrusion from the electrodes;

° Reductiqn/eliﬁination of capacity fade;

e Increased cycle life; and

e Delivery of a 10-cell module to ANL.
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100 =

| Individual Cells ‘
End of life defined by 20% loss of capacity or 5% loss
of coulomblc efficiency. o

Source: Argonne National Laboratory.

FIGURE44 =
LIFE TEST, ANL MARK Il STATUS BICELLS
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TABLE XXVI

STATISTICS FOR POPULATION BASED ON SAMPLING OF LITHIUM~ALLOY/FERROUS-SULFIDE CELLS

Cycles at Which Indicated

Number - Weibull. Mean Life

Designation of Slope (90% to Failur ) Failures May Occur

of Cells Cells in confidence) (cycles) 5% 10% , 20%

in Sample Sample Low High Low High _Low High Low High Low High
EPI Group 12 0.7 2.1 197 525 11 147 22 205 50 285
II1 Status
Cells _

EPI Group _ 14. 2.0 3.8 295 510 95 280 130 330 180 390
I Development
Cells
Gould 12 1.8 3.8 58 106 19 60 -26 70 36 82
Mark II .

(Bn felt

type)

Status Cells

(Group 0)
ANL Mark II 12 1.0 2.2 171 425 15 122 36 180 64 243

Status Bicells

3cycle life datavere analyzed using
Confidence level of 95%.

EPI
ANL

([}

Eagle-Picher, Inc.
Argonne National Laboratory.

the Weibull distribution and suspended testing aporoach. ..



To accomplish the above, Eagle Picher fabricated and tested
successive iterations of cell aesigns. This involved the
fabrication and testing of approximately 150 cells, including 1 cell
that achieved 960 cyqles. This effort rgsulted in a 10-cell, 4kWh
module which was delivered to ANL for testing. The testing Qas
initiated shoftly before the BECC and oﬁiy 10 cycles had been -
completed at that time. |

During the past year, the Gould program has developed a new
design.conéept for the fechargeable Li/MS system. The.éhange
resulted froﬁ the poor cycle life of the Gould Grouplo status ceiis
(see Table XXVI’,‘whiqh were of the conventional bordn—nitride
separator-flooded electrolyte design. These cellé,'like previous BN
separator cells, failed due to shorting causediby Qne of the
following:. |

] Thé positive FeS electrode has negligible méchéniéali

strength when operated in a flooded electrolyte

. condition. Therefore, the volume changes which occur in

the electrode during cycling result in extrusion of
vglectrode material through openings in the particle-
retalner system, causing internal shorting.

© The negative electrode grows during repeated cycling and
develops protrusions which, despite the use of a particle
retainer system, penetrate the fragile BN felt separator
and cause shorting. ‘

e The electrolyte creeps up into the positive feedthrough
seal with time and results in a short between the positive
terminal and cell container which is at negative potential.

The new design concept utilizes a magnesium oxide powder

separator operated in an immobilized electrolyte condition. This
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new design evolved from earlier work at Gould on the development of
a thermal battery. The advantages envisioned for the powder
separator—immobiliied electrolyte design are as follows:

° Improved mechanical stability of the electrodes and
separator during cycling.

° Elimination of the expensive honeyeomb electrode support
structure. )

. Simplified cell fabrication; electrodes and separator
‘* layers can.be pressed at room temperature in a dry room
environment and the electrolyte vacuum fill step is
" eliminated.

e . Increased specific energy by the use of more energetic
active materials for the negative electrode.

° Operation independent of cell orientation.

. Reduction in the separator cost, from about 31, 600/kWh for
BN felt to about $1/kWh for magnesia powder.

Because of the success of the pressed ceramic powder
separator—immobiliéed electrolyte and anticipated improvements, it
was 1ogica1 to evaluate this approach in the rechargeable Li/MS
system.

Performance data from approximately\70 200Ah engineering cells
of this new design have been most encouraging with some cells
achieving 300 to 400 deep discharge eyeies. A group_of 10 identical
cells completed over 170_cye1es without any failures. A cell design
produciﬁg 100Wh/kg has also been demonstrated. |

In addition to the engineeripg size cell work at Gould, a 6Ah

cylindrical pellet cellecontaining a reference electrode (éee Figure
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45) has been developed to characterize the performance of the
individual electrodes in relation'to their chemical compositibn aﬁd
physical parameters. This is proving to be a valuable tool in
guiding design improvements. Figure 46 is représentative of the
data from a 6Ah Li-Al/FeS pellet cell with an Mg0 powder separator;
it shows the effect of current density (discharge rate) on the
positive électrode utilization. This cell also had an excess of
negative electrqde capacity.'a

A&ditional studies on Mg0 powder separators are discussed in
Section 4.2.2; however, there are major differences between the two
Syétems.  The Gould technology is based on a pressed high surface
afea'magnesia powder lgyer operating in a starved electrolyte
environment. '0n>the other hand, the Rockwell studies were conducted
on a vibratory loaded, sievé—sizg, magnesia powder layer operated in
a flooded electrolyté condition. Consequently, results from the tw0'
systems are markedly different.

Kaun et al. of ANL have invéstigated'the effect of excess

negative capacity on the rate of capacity deéline.(63)

It was
shown that as the negative:positive capacity ratio increased, the
rate of capacityvdecline decreased. Similar results were obtained
when "D" cells with a negative:positive capaclty ratio of 1l.1:1
operated below their rated capacity of 420Ah. This 1s shown in

Figure 47. The cell, designated EPRE-2, had a negative:positive

capacity ratio of 3, whereas the Mark IA design has a ratio of 1.
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Farahat and coworkers at ANL have investigated the feasibility
of rapidly recharging the Li-Al/FeS battery. Two different
full-scale EV-battery cells were charged at high rates and the heat

(64)

generatién rate was determined. The charge replacement varied
from 32% 1nA0.3 hours using a 200A current to 93% in 2.6 hours using
a 100A current for batterles with standard capacities of 200 and
285Aﬁ, respectively. The heat genération rate during the 200A
chargé was 16W and during the 100A‘cﬁarge was TW. Theée»were less
'than‘the heat genération rates dﬁring,discharge. These and the:
other déta obtained showed that these cells could be operated at
high rates of charge without»thermalloverload.

All the battery systems to be used in EVs.andIStationAry energy
storage systems require‘thermal contrql.' Figure 48 shows the
relationship between specific energy and the adiabatic temperature
rise tﬁat would occur if all the battery energy wefe converted to
heat, as in the case ofva.shdrt circuitf Thus, high specific energy
batteries such as lithium-alloy/iron-sulfide have larger thermal

AT . : .
balance pfoblems. In addition to the control of the heat generated,
in the case of high temperature‘bafferies, heat loss ﬁust be |
prevented during idle and standby to avoid solidification of the
electrolyte. | -

Heatrgeneration in the qell has been mainly attributed to two
factors: - )

e Cell overpoténtial (irreversible heat generation); and

° Entfopy change (reversible heat generation).
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The heat generation is the sum of these;*theveffect of oﬁerpotential
is always exothermic while the entropy will have one'sign on charge

(65)

and the opposité sign on discharge. The average rate of heat
generation, Q, is due to these and other lesser effects, is shown in
F%gure 49. The discharge rate was 70A (C/4) and the charge rate was
'4OA (C/7) for a 280Ah cell. To be noted is the marked increase in
the heat geﬁeration rate éfterTZOOAh of discharge. The results of
measured heat loss sﬁoﬁed good agreement, within about 1.3%Z or 6°C,
of the valuesbcalculatéd based on a heat loss model for the céll;

Gibbard and coworkers at Géuld have determined tﬁe thermal
energy generation by Li—Al/FéS batteries indirectly-and ’;
directly.(66) The indifect method consisted of thermodynamic
caiculations based bn the combine& use of precise measurements of
the ceil potential as a function of temperature and SOC and
?measurements‘of cell voltage during dischargé at various constant
: éurrent drains. Ditéct measurements of heét geperation wefe méde_in
" a specially designed.isothermal—conducﬁion battery calorimeter. .
Results from the two approaches were in agreement. |

The effective thermal.conductivity of the batter& was
determined using a diécharged battery which was heavily insulated on
all sides, except the ends parallel to the plates. The cell, first

heated to a uniform temperature, was subjected to heating on one of

the two non-insulated faces and the time-dependent temperature
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profiles were measured at the cell center and its surface. From the
measurement of the thermal diffusivity, the mean density of the
cell, and the cell heat capacity, the thermal conductivity was
calculated. The experimentally determined thermal conductivity Qas
of an order of magnitude less than that estihated based on the fresh
constituent materials. Although the reasons for this are not
understood, some possible_sources of_this discrepancy are the
existence of'void volume 1in the cell due to the porous mixture of
the materials used, changes in properties rgsulting from changes in
the discharged-shorted cell, and contact resistanceé between cell
coﬁponénts.

Based on thevthermal studies, the Gould workers concluded that,

when a‘fﬁll—scale Li-Al/FeS battery of 100 cells is discharged, the

average rate of heat loss will be 1.5W/cell and the battery temperature
will rise from 450°C to 5000C during a 50A discharge.

Attempts to control the'ﬁemperature of a Z.SkWh-battefy,
consisting of 10 200Wh cells, by direct air cooling showed this
method may be ingdequate f&r a full size EV battery. Although the
average battery temperature.dropped about 20°C after 30 minutes of -
cooling, the temperature gradient in the battery increased by about
a factor of three, from a maximum temperature difference of 5°C to.
15°C; This .indicates a need for the use of more direct means of

cell cooling to control the temperature of large batteries.(67)
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4.2.2 1lithium—-Alloy/Ferrous-Sulfide Cell Research and
Component Studies

The aggloperatioq of Li-Al electrodeQ is considered as a

" pogsible cause for the loss in negative electrode capacity with
cycling. To\detetmine'some of tﬁe f;ctors leading to agglomeration
Fisher and Vissers'of ANL constructed an o +f Li-A1/LiCl-KCl

(68) The reference electrode was o+{3 Li-Al.

eutectic/Al cell.
The cell was opérated at 450°C using a current density of 48
mA/cm2 and a cut-off voltage of 0.2 volts in both directions. The

cell was cycled for } week.

During cycling the capacity'of the Li-Al electrode declined

showing that the loss of capacity was not due to the iron sulfide

electrode of the Li-Al/FeS cell. It was further observed that

polafization of the negative electrode occursvmore'rapidlybduring
discharge than charge. .

Examihation of Li-Al electrodesvffom éngineerihg cells using
_iodine vapor etching showed a structure with prominentiy aligned
pores. This indicated pore localization along grain boundaries as
result of agglomeration. Cadmium and magnesium were added to the
Li-Al electrode as possible agglomeration inhibifors. Neither was
effertive.

It hgs been observed that the corrosion of positive current
collectors can limit tﬂé life. of the Li-Al/FeS cells. Bicells were
constructed for the examination of positive current coliector

(69)

corrosion. These cells were cycled at the 4-hour discharge

rate and with discharges simulating the urban driving cycle. An
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8-hour charge rate was used. Both carbon steel and nickel current
collectors were used. The;e'two materials showed excellent
- corrosion resistance over the test period. The unexpectedly low
corrosion was explained as due to the passivation of. the low carbon
steel electrode by sulfidation leading té a thin film of‘J Phase
(LiK6Fe24326¢1),.X phase (LizFeSZ), oi FeS on the steel.
Metallographic studiés of the nickel current collector showed
that a film of iron deposited on the nickel surface caused the
passivation of the nickel. Because of the passivation, both the low
carbon stéel and nickel electrodes were judged to be satisfactoryvas
current coilectors. |
Braunstein et al. haﬁe conducted experiments to examine their
éarlier prediction of composition gradients induced‘in the molten
salt electrolyte during battery operation (Seé SR—iI). The
. Li-Al/FeS cell was rapidly quenched after cycling to minimiie“‘

(70) The distribution of

convective transport of the electrolyté.
Li and K across the cell ﬁas determined by sectioning the solidified
electrolyte and the retaining material, folléwed Sy analysis of the
Li:K ratib in the sections. It was shown that the mol fraction of
potassium at the cathdde was greater than tﬁat at‘the anode. The
observed composition changes were consistent with the predictions of
the model.

Sudar and coworkers at Rockwell International are investigating

improved separator materials. It had been previously reported(Z)
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Corporation. Commercial papermaking/felt forming technology is

that lithium tetrachloroaluminate (LiAlCl4) acted as a wetting

agent for the boron nitride (BN) felt. The work at Rockwell has
shown that the incorporation of submicron magnesium oxide (MéO) into
the BN felt had advantages. Conceptrations of 3 to 20 mg of MgO per
cm2 of felt were found to be effective. The inclusion of Mg0 gave
a separator with greater stability than with the addition of

LiAlCl . Moreover, the additive concentration required was less
cfitical in the case of MgO0.

Sudér.aﬁd coworkers have also investigated the use of Mg0
powder as a replacement for the BN felt separator (see Section 4.2.1
for other Mg0 separator work at Gould). It was found that an Mgd
particle density of greater than 50% bf.MgO solid density was

required for successful cell operation. The preferred particle size

‘rahge was approximately 100 ﬁo 200 mesh with close control of the

particle size range necessary. Both larger and smaller particle

-sizes were found to be less satisfactory. Tests also showed that

96% pure commercial MgO was satisfactory. Figure 50 compares the
utilization of the FeS in cells with MgO or BN felt separators. It -
was concluded that the MgO separator was satiéfactory for utility -
applications but the BN felt was superior for EV applications.

Efforts to reduce the cost of produéing BN felt separatorS‘are
continuing at the Carborundum Divisioﬁ 6f fhe Kennecott

L

being adapted to BN felt preparation. A slurry of BN and BZO3
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- in a nonaqueous carrier and higher temperatures than those used in

papermaking are required for processing the ceramic fiber system.

Following formation of the BN/B20 felt, it is converted to BN

3

'by nitriding with ammonia.

Pollard and Newman have developed a set of governing

differential equations for the description of the discharge behavior

(71)

of the Li-Al/LiC1-KCl/FeS cell. These equationé have been

modified to study the changes taking place in the cell during
(72)

relaxation and charge. Compositioﬁ profiles across the cell

Lo

after cufrent interruption at the end of the discharge have been

calculated. At the negative electrode, the back becomes cathodic

with respect to fhe front establishing local concentration cells:
. Li-Al=—=Li" + Al + &~

These concentration cells promote a uniform electrolyte composition

-but accentuate the nonuniform utilization of reactants. At the

positive electrode adjaéent to the current collector, the FeS reacts
with lithium ifons, and, near the front of the electrode, Lizs

reacts anodically with the iron. Heat is not generated during cell

.relaxation and the cooling of the cell can lead to electrolyte

precipitation;

Duriﬁg ¢harge, the region 6f the negafive electrode«closest to
the electr&de/separatot interfaée s recharged first and the
reaction front ﬁoves back through the electrode reconverting the

alloy to Li-Al. Relaxation of the electrolyte composition dufing
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. stand between discharge and charge results in a greater
nonuniformity in the utilizétion of reactants compared with no
relaxation between discharge and charge. At the positive electrode,
in both the relaxed and unrelaxed cases, a sharp reaction front
moves through the electrode, consuming the LizFeS2 formed during
discharge. |

The above conclusions are semsitive to the heat balance in the
céll. This suggests a need for precisé thermal management of
Li-Al/FeS battery modules. The non-uniformity in the utilization of
negative eleétrode reactants agrees with observations on the
morphologiéal chéﬂges in the Li-Al electrode on cycling.

Nowobilski and coworkers have  continued Fheir efforts on the
development of 1ight-wéight vacuum iﬁsulation with good load-bearing
capébility (15 psi plus battery loading). The goal is a rectangular

_enclosure 0.91 m long x .46 m wide x .41 m high. Three types of
insulation construction, shown in Figure 51, have been '
investigated. Table XXVII compares insulation characteristics of
the three fypes of construction. Both the peg-supported multifoil'
and the Linde IDLAS insulation fulfill the heat loss goal and the
bdensity-goal of 288 kg/m3 (18.1b/ft3) for Mafk'II and Mark III-

batteries.

4.2.3 Lithium-Alloy/Ferric-Sulfide Cells
The Li—Al/FeS2 cell had been considered early in the studies

of the Li—alloy/FeSX system as the one with the potential for the
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TABLE XXVII

LOAD-BEARING INSULATION COMPARISON

1979 Program 1980 Program

a

Projected 1981 Pfogram

Thermal Conductivity Thermal Conductivity

Thermal Conductivity

X 1073 Btu/hr-ft-OF = Densit X 1073 Btu/hr-ft-OF = Densit X 10~3 Btu/hr-ft-F  Densit
(W/m=K) 1bs/ft (W/m=-"K) lbs/ft3- (W/m=K) 1bs/ft
Th=8500F TC=75F (kgs/m3) Th=8500F TC=75CF (kgs/m3) Th=850°F Tc=75°F (kgs/m3)
Insulation Type 4545¢ 240¢ 4549¢ 240¢ 454°0¢ 240¢
Glass Board 224 .22 160 18 140 20
(.00038) _ (352) (.0027) (288) (.0024) (320)
Peg-Supported 101 11 93 13 90 13
(.0017) (176) (.0016) . (208) (.0015) (208)
IDLAS 95 S 15 95 15 95 - 15
(.0016) (240) (.0016) (240) (.0016) (240)
Commercial State
of the Art
Min-K 2000, Produced )
by John-Manville Co. 900 20
(.013) (320)
: 5 L -5
Calculated thermal conductivity required to meet heat loss and Volume goals: Mark II 140 x 10 Btu/Hr-FT- F

Th = high temperature.
Te = cold temperature.
Source: Linde Division, Union Carbide.

Mark IIT 100 x 10 - Btu/Hr-Ft- F



best energy density characteristics. However, problems éf finding
inexpensive cétﬁode current collectors and capacity loss led to
emphasis on the Li-Al/FeS systém to provide an advanced EV and
dispersed storage system battery.

Dunning et al..have investigated the dischargé behavior of the

FeS2 electrode as it is affected by construction variables, such

as: electrode thickness, porosity, current collection, and
electrpiyte éompOéition.(73) The small, 2 cmz, test electrodes

were prepared by hot pressing mixtures of Fe, LiZS, FeSz,
electrolyte, and current collector at 27MPg and 325°C in a graphite
die. Constant curfent discharges and a current limited (100

mA/cmz) conétant voltage (2.0 volts) charge were used. The
following are some of the results in terms of the variables tested:

. Electrode thickness-—At 400°C electrodes thinner than 2 mm
would have higher specific energles; at 450°C the specific
energy is maximum in electrodes in the range of 2.5 to 3.5
mm thick.

® Electrode porosityF-Increasing the porosity of 3 mm _
electrodes from 30 to 50 v/o increased the utilization of
active material in both voltage plateaus.

® Current collection--Performance was best with 3 to 4 v/o
of conductive graphite powder. The electrodes showed a
- marked improvement at 450°C in the utilization of active
material in the lower plateau region.

° Electrolyte composition-—-Three electrolyte compositions
(53, 58, and 68 m/o LiCl-KCl) were investigated at 4500C.
For 30 v/o porosity electrodes the rate of capacity loss
in the upper plateau increased with LiCl content. The
lower plateau had a much higher capacity utilization in
LiCl-rich salts, reaching 85% at the 4 hour rate.
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Overall, the utilization of the lower plateau was imp;oved by the
presence of the curteﬁt collector and excess LiCl. The upper
piateau was not as strongly éffected by these factors.
Studies were a;so con&ucted at General Motors on the céusés'ofv
éapacity,loss in the upper plateau region.(74) Variables 1né1udéd;:
in the experimengs were: electrolyte composition and volﬁme,
-charging procedures, operating temperatures, additives to. the FeS2
electrode, and resfricted cycle operations. The ioss rate of the
positivg upper plateau capacity and of active material was found to
decrease with decreased electrolyte volume. The extent of loss was
ére;ter than could be accounted for by the solubility of LiZS and

it was concluded that a single mechaniém did not suffice to explain
the observations. The loss rate was inhibited ?y the presence of an
excéss of KC1 in the electrolyte, but this also markedly decreased
. the lower plateau capacity. Studies are being continﬁed to overcome
the shortcomings in the performance of FéS2 electrodes.

Earlier studies, briefly reviewed in SR-II, on phase

relationships in positive electrodes of Li-Al/FeS cells have been
exten&ed'by Tomczuk and cowquers at ANL_fo FeS2 positive

(75)

cells. X-ray diffraction and metallographic examinations have -

been used to examine the phases and to supplement the data obtained
by potential measurements. As reported in SR-II, the phases found
/’

in the cyeling of Li~A1/LiCl-KCl eutetic/FeS cells were:

FeS, J(LiK Fe

6 24SZ6C1), X (LizFeSZ), and Fe
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The replacement of FeS by FeS2 in the positive leads to a more
complex situation. The phases found in the case of Fesz cycled in
L1C1l-KC1 eutectic were:

‘Feﬁz, Li3Fe284? Y ( Li7FeZS6), Fel_xS;

Li_FeS KFeSz, J Phase, Lizs, and Fe

27772
Ceramic coated materials, as positive current collectors for
75
the FeS electrode, are being studied at ANL. (73) Static

2

corrosion tests of metal nitrides, borides, and carbides were
carried out in mixtures of F_‘eS2 snd LiCl—KCl atISOOOC.A Both the
isolsted_componnds and iron—based alloys coated nith,these compounds
by chemical vapor deposition (CVD) were studied. CVD-TiC and -TiN
coatings showed promise and were further tested-in'cells.' Both
monolithic‘TiN and TiN;coated AlSi type 304 stainless steel‘weree
completely stable‘in‘a Li-Ai/FeSz celliafter’apprOXimately 30 days
of operation. Based on these results TiN and TiN—coated stainless
steel vere considered sufficiently promising for use in cell testing.
Sammells and coworkers are investigating the reaction of FeS2
with iron borides FeB and FeZB. If these borides prove to be |

corrosion resistant, they will be tested in cellsr

4.2.4 Overview of Lithium-Alloy/Iron-Sulfide Cells

The present effort to better understand the causes of
inconsistent performance of Li-Al/FeS cells has ledvto‘improved and
more uniform cycle life in the status test cells. Agglomeration of

) . - 4 .

1

the negative electrode and the improved performance with a large
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exeess of negative electrode capacity'indicate ehat the negative
electrode is an important contributor to fhe observed loss of
_capacity on cycling. Improved cell design, which will avoid
electrolyte loss end provide better intercell insulation will help
: in bﬁilding batteries with the desired lifetime. The reported
results on the use‘of Mg0 powder separators indicate that thls will
help in overcomingvsome‘of the earlier cycle 1ife,diffieulties. The
continued effort to_obtein reproducible cell and module performance
could permit the design'and construction of battery units with the
desired lifetime. | |

The development of the Li—Al/FeSé.cell still reQuires
materials development, especially for the positive electrode. lhe ‘
proof of satisfactory’ components and good cell cycle 1life are
prerequisites to module battery design, construction, and testiné.

4.3 Sodium/Sulfur Batteries

The two approaches to the sodlum/sulfur cell by Ford Aerospace
and Cemmeﬁicatlens Cbmpany (FACC) and Dow were described in SR-I and
SR-II. The essential features of the Ford cellvare: sodium metal
‘negative/ﬁLalumina eeramic electrolyte/sulfur cathode. The ceramic
electrolyte acts as a sodium-ion cendhctor. The cell operates at-
300 to 350°C;"e‘tempefature renge'at which both the sodium and
sulfur are molten. The major problems have been the reproducible
preparation of the f'alumina electrolyte and sealing between the

negative and positive current collectors. These seals must be able
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to withstand temperature cycling yet remain ingact in spite of the
differences in the coefficients of expansion of the current
collectors and the insulating glass and ceramic seals. As of the
third BECC, utility siieﬂ"alumina tubes; 33 mm in‘diameter and 260
mm long, had been evaluated and sﬁown to have sufficlent
reproducibility for~modu1e construction and testing. Higher
reproducibilty was desired for battefy prdducgion.

The features of the Mark II ceil being developed for utility
load-leveling are listed in Table XXVIII. Cell performance
characteristics are liéted\in Tablé XXIXf Note that the achieved
average performance of thé 12 cells included exceeds the performance
goals. The capacity retention of ﬂark I1 Na/S cells is shown in
Figure 52. The reproducibility of the célls is shqwh in Figﬁre.SS
for a group of 64 cell;. : o C

One question whiéh has.been raised is tﬁat of safety of the
Na/S battery in case of failure or accident leading to the direct
reaction of theﬁmolten so&ium and sulfur. To determine its safety,
failures were induced in nine-cell gfoﬁps by mechanical crushing,
electrically induéing failures, exposing cells to open flame, drop
tests, and drop tests plus exposure to flames. It was found that,
on reaction after cell damage, a temperature rise‘of-100°C
occurred. It wés also shown that "déad" cells can be safely

-shorted. . A schematic showing the fusing system for bypassing the
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TABLE XXVIII .

MARK-II SODIUM/SULFUR CELL FEATURES

Design: Electrolyte: L1i, 0 - Stabilized ﬁ"Alumina

2
33 m X 260 mm (OD X L)

~ Container: Chrqmium—Plafed Stainless Steel

Sodium—-Core, Vertical Orientation
2.0 kgs, 0.9 1, 54 mm (OD X 430 mm (L)

"Ratings: 135 -Ah ]

' 225 Wh
75% Wh Eff - ' -
5-hr Discharge, 7-hr Charge
Life: 10 yrs, 2,500 Cycles

Features: = Radial Compression Ring Seal

Simple Cylindrical Components
Ambient Assembly and Storage
Reactants Restricted for Safety

End of Life

Source: Ford Aerospace and Communications Company.
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TABLE, XXIX

MARK II SODIUM/SULFUR CELL PERFORMANCE

Cell Performance Achieved? Phase-1IV Goals
Energy (Wh) 280 240
Efficiency (100 (Wh_/Wh )7) 81 75
Capacity (Ah) 156 140
Utilization (% of 81.1 75
theoretical capacity)

Specific Energy (Wh/kg) 140 120
280 220

Eﬁergy Density (Wh/1)

a12—Cell'Average; 7-hr Charge, 5-hr discharge.

Whg = Wh discharge
Whi = Wh charge

Source: Ford Aerospace and Communications Company.




- Test Conditions:

24-A Discharge, 5 hrs or 1.6 volts

2.5
18-A Charge, 7 hrs or 2.5 volts
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1.5~ ’ _ Data

Day 86, Cycle 163 - e e - 5
Day 258, Cycle 510 e - '

1.0l ! A T 1 1 !
0 .20 40 60. 80 100 120 140

Capacity (Ah)

Source: Ford Aerospace and Communications Company.'

FIGURE 52
MARK |l SODIUM/SULFUR CAPACITY RETENTION.
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(77)

dead-cells is shown in Figure 54. Failure of seals or case
rupture rarely occurred during the induced failure tests.

A performance map of cells with various‘diameter;to-length
fatios of the P "alumina tube is shown in Figure 55. Tﬁe lower
&iameter:length aspeéﬁ ratio tubes gave the higher powers. The cell
éapacity increased with'the volume of’thé ceramic eleétrolyte tubes.

Figure 56 shows the performance of a 25kWh mod@lé for a»load
leveling battery. The éctual capécities shown are in excess of
those requirea to meet the design energy output.' Four modules were
assembled in series to construct a 100kWh>battery which was
operated. The battery demons;rated the design performancé, safety,
and maintenance features ofvthebéystem.

Batteries have also been designéd and tested for electric
vghicles.‘ The‘reiative’volumes and weights of various cell
. configurations considered for the EV application are shown invFigure
57. The‘multi-plate and concentric elecfrolyte configufétions géve
thé'lowestbvolumes and.weights.. An Na/S battery was assembled,
using. the load—leveling configuration,'for demonstration.in a
battéry powered truck. Table XXX provides a vehicle description énd
compares the perférmance characteristics of the Na/S and lead-acid
battery. |

Haskins and Domaszewicz have evaluated the sodium/sulfur

77)

battery for its application to solar systems. The advanced

high energy cell was used in the-conceptuai'design of a 1MWh solar
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‘Source: Reference 77.

. FIGURE 54
SIMPLIFIED BATTERY ELECTRICAL SCHEMATIC
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Diameter: 3.5 cm
Length: 78 cm ' _ 5.8 cm 7.1 cm
61 cm 61 cm
A ‘B | C
200

4~Hr
Discharge

100

70%
-_—— cumn

Cell
Efficiency

Cell Discharge Power W)

500 1000
Cell Discharge Energy (Wh)

v FIGURE 55
SODIUM/SULFUR CELL PERFORMANCE MAP
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g8-v

Battery Voltége (volts)

Symbol

-1- -2- -3- -4

N I.(8) 500. - © 750 1,000 '1,120

I,(A) 500 750 - 1,000 1,500

T, (hr) 22.6 14.3 - 9.9 5.5
i kWh (%) 42.8 40.1 36.1 28.9 I¢ = charge current

Eff (%) 89.6 82.9 78.1 73.5 Iq = discharge current
0 2,000 4,000 6,000 8,000 10,000

Ah

Source: Ford Aerospace and Communications Company.

- . FIGURE 56
PERFORMANCE OF A 25-kWh SODIUM/SULFUR MODULE
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TABLE XXX

SODIUM/SULFUR BATTERY FOR TRUCK DEMONSTRATION

Vehicle:

Dimensions:

Gross Vehicle Weight:

Maximum Speed:

Motor:

Battery Comparison:

Ah:
‘Whi

Weight:

Cost:.
Life:

» Range (miles):

Taylor-Drum Modél_B0-012—48, four
- wheel

.119 in long

45 in wide

-69 in cab height

25 in bed height

55 in wheel base

Empty--1,475 1b. (with batteries)
10 mph

24/36 volts, 95A, 2%/3% HP

\

' Ph-Acid Supplied . Sodium/Sulfur®
| 115 (90 mins) ' 600 (8 hrs)
2,800 14,400
250 1bs 400 1bs
$250 $600 future
100-500 cycles 2,500 cycies (goal)
15 (10 mph) 80 (10 ﬁph) |

3Constructed with cells désigned for load leveling; not optimum for

this application.

Source: Ford Aerospace and Communications Company.
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photovﬁitaic or wind energy storage systeﬁ. The performance of this
cell is compared with the Mark Ii.cell in Table XXXI. The battery
design was for a small, 15kw; stand-alone system which incorporates
1,400 of the higher enefgy Na/S cells. They are connected in a
parallel-series network to provide a discharge voitage of 120
vélts—DC, and with éufficient redundancy for a 10-year life. Based
on their performange estiﬁates; these authors conclude that the Na/S
‘ battery has thé potential for good performance and rgiiability in
émall, stand-alone power systems.

Ceramatec, Iné., has established facilities fof manufécturing a
rangé of sizes of ﬁ"élumina tubes. Approximately 100 Mark II
electrolytes can be batch sintered daily. The pfocess has a 60%
yieiﬁ of acceptable electrolyte tubes. In additiop, Ceramatec hés
the capability of ménufacturing ct-alumina seal header components
for thevvarious cell sizes being‘aésembled by Ford Aerospaée and
Communications Company.

As an alternative to pressing the mixturelfor B"alumina, a
slurry-solution spray dryiné process, which also eliminates the
calcining and milling opefations required for the pressing process,
isvbeing examined.

The status of reproduGibility of cells prepared in a large
facility capablé‘of producing 50 B"alumina electrquteS'and cells

per week is provided in Table XXXII for 512 cells of a single

battery.
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- TABLE XXXI ,
COMPARISON OF MARK-II AND HIGH ENERGY SODIUM/SULFUR CELL

PERFORMANCE CHARACTERISTICS

High
Mark II Energy
Theoretical Capacity 192 Ah 580 Ah
Coulombic Utilization . 0.8 0.8
Cell Impedance:
Beginning of life 10 12.5 Q
End of life 10 Q 17.5 Q
Cell Life 10 yrs 10 yrs
Cell Failure Rate (Uniform) 0.5 %yr 0.5 %/ yr
Cell Diameter 5.4 cm 7.9 cm
Cell Length 40 cm 42 cm
Cell Weight ‘ 2.0 kgs

3.6 kgs

Source: Reference 71, Ford Aerospace and Communications Company.
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TABLE XXXII
SODIUM/SULFUR BATTERY PRODUCTION/ASSEMBLY

EXPERIENCE
512-Cell Battery | Number of Mfg
' Defects ‘Yield

Defects Replaced
During Assembly 2 99.617%
Failures During
Early Operation 8 98. 447

~ Overall - 98.067%
Mfg = manufacturing
Source: Ford Aerospace and Communications Company.
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DeJonghe has investigated the factors which contribute to the
mechanisms for the initiation and propagation of failures in g and

f"alumtna. ®

Two modes of. faillure have been identified. Mode I
failure involves a cathodic plating of sodium in a preexisting crack
of 1 to 20 micrometers. Once the crack becomes filled with sodium,
.current focusing éccurs,'leading to crack propagation. .The results
tend to favor contribution to the crack propagation by small
fissures connected to the crack in which the failure was initiated
by current focusing. Ihe Mode II failure involved sodium -
precipitation internal to the ceramic body and possible
microfracture. Mode>II can ﬁe activated when a gradient in
transport number ratios results from the chemical reduction of the
sodium electrode. |

Baéed on these studies, DeJonghe has suggested approaches»to
Jimproved cell pegformance. The suggestions include:

e Improved sulfur electrdde design;

o. Improved corrosion resistance of materials; and

® Cell cycle management that évoids interface polarization.

The Dow Na)S celi differs from the Ford cell in the choice and
construction of ;he electrolyte. The Dow electrolyte consists of ~
hollow fibers of a sbdium éonducting glasé.‘ These fibers ar;

attached to a glass header in contact with the sodium reservoir. To

obtain a high cell caﬁacity, several thousard glass fibers are used.
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A iarge number of cells of varying capacity have been
constructed and operated. The cell production technology has -
improved to 70% cell acceptance, i.e., the ratio of cell assemblies-
approved for‘filling with reactants and testing to the total number
of assemblies (glass fiber plus metal foil) fabricated. Actual cell
lives shéw a great variation. These'have'been reported to, vary from
a few weeks to over 1 yeér.‘ This laék‘of reproducibilty.ﬁakes-it
prematﬁre to construct modules and batteries requiring a large
number of cells. The effortiat Dow, as reported at the fourth BECC,
concentrétes on improving the predictabilty.ahd lifetime of the
glass fibef'electrolyte cells. |

The glass fiﬁers have been found to break either along the:

(79) In

‘length'of the fiber or directly under the tubesheetf
studies of fiber fracture, it was observed that most fractures‘
started at some‘surface flaw. Breaks initiated at the inner wall
an& in the bulk- of the'fiber'have.aiéo been-identified.
Micro-crystals in the glass were observed to be ‘an 1mportant source
of weak spots. The strengtﬁ of the fibers was improved by over 15%
by rédesigning the.melting furnace so ;he total melt was. above the
'crystal melting point of any of the glass éomponents.‘

Platinum inqlusions have been observed in about 3% of the

fibers tested.‘ The platinum came from the crucibleé used for

melting the glass.
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The use of a molybdenum layer on the aluminum cathode foil has
been shown to improve the foil lifetime. The molybdenum is siowly
converted to molybdenum sulfide. After several months of operation
aluminum migrates through the molybdenum sulfide layer. Neither
sulfidation of molybdenum nor migration of aluminum increases the
éell resistance.

Work is continuing to better understand the source of the flaws
and to improve the techniques for making highly reproducible glass
fibers.

In summary, progress has been made in the fabrication of the
ceramic electrolyte Na/S battery. Further improvement in
electrolyte repfoducibility or in the ability to detect defects
prior to cell.assembly can lead to the capability of producing
highly reliable modules and batteries. The development of fusing to
bypass shorted cells enables the use of replacement cells or
building into the system sufficient redundancy to give the battery
the fequired cycle life. This_increased feliability will make it
opportuﬁe to build large batteriés for evaluation for EVs or

“'stand—alone batteries for distributed or solar energy storage.

4-93



~ 5.0 EXPLORATORY BATTERY AND SU?PORTING RESEARQH.

This part of the ECS program 1s_mon1to;ed by the Lawrence
. Berkeley Laboratory (LBL) of the University of California.
Professor Cairns and Dr. McLarnon are the technical managers(

This effort constitutes the_appliea reséarch base for the ECS
program. fhe first aspecf is the exﬁloratiqn of new électrochgmical'
cbupies fo detérminé their promise for use in high—pefformahce
batteryAsyétems. Thé second éspect is supporting research leading
to better undérstanding of tﬁe electrochemistry, materials problems;
and engineéring.priﬁéiples of batteries and electrochemical';echnol-
'ogies;

Investigations related to specific induétrial electrochemical
processes are discussed in Section 6. Suppo{ting studies and
_résearch on particular cell systems under Hevelo;ment.are 1ﬁc1uded

in the appropriate sections of this report.

5.1 Exploratory Battery Research

‘The exploratory research includes étudies concerning the use of
lithium;negat;vevcelis in non-aqueous electrolytes as‘well as the \
~use of lithium or calcium in molten salt and solid electr&lyte
systems. Early studigs on some of the,gxploratory céllsvwere
reviewed iﬁ SR-I or sR-II. The zinc/ferricyaniag, semicontinuous-—
feed béttery, formerly a paft of»this effog;,:isbdiscussed abové in

" Section 4.1 since it is being considered for the electrical storage

component of photovoltaic and wind power systems.
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5.1.1. Organic and Polymeric Electrolyte Cells

The EIC Corporation haévrecently summarized its efforts,

briefly described in SR-I and SR-II, on lithium/organic electrolyte

cells and batteries.( ) The general cell configuration is:
~ Organic solvent , _ Carbon
Li LiX Supporting electrolyte current
-~ Dissolved Liy S, , collector

X ="Cl0; ~, AsFg ~, etc.

Theisolubility of Li?Sn in §ariou5'§olven£s was
b-determined{‘ The best solvents found were tetrahydfdfuran»and
.’dimeihylsdlféxideVWhich-dissolVed'the equivalent of 10M sulfgr (as
LiZSn) per 1. Inves;igation_of the performance of small céils
showed tetrahydrofuran to be'theiﬁreferred solvent,. The supporéing
.electrolyteiwas.lM LiAsF6. The cells showed a deteriorating * .
caﬁacity’wheﬁ'éyéied. v

Based on an experimental investigation of this decfease in-
capacity, it was concluded that two problemféfeaé needgd to be-

addressed to overcome this deficiency:

) %_ Reduce the self-discharge rate and delay Li,S' formation
~on the anode; and '

e Discover a method for the solubilization of LisS without
increasing the self-discharge reaction.

As an alternagfve to the use of"’LiZSn as the cathodic_
reactant, insoluble sulfide positive electrodes were investigated.
The calculated specific energies of the reactants considered are

listed in Table XXXIII. 1In the potential calculations it was
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TABLE XXXIII

SPECIFIC ENERGIES OF INSOLUBLE
SULFIDE POSITIVE ELECTRODES

: a No. of _ b'
Compound Eq.Wt., Electrons .- = . E© Wh/1b
A, Complete Reduction
NiS 52.32 2 T 2,022 470
" CuS 54.74 2 ©2.231 496
FeS o 50.89 2 1.98- 473
Mns . 50.44 2 1.39 335
MnSs - 66.47 4 0.759 ' 138
AgoS 130.84 2 2.28" N 212
Vs _ 48.44 2 1.523 382
CoS 52.44 2 2:056 - 477
B. Partial Reduction to Monosulfide
$iS2 53.10 2 4.54 - 1,037
TiSy 63.00 2 3.73 ) 720
MnSo . 66.52 2 . 5.29 . 967
2 5.69 1,033

FeSy 66.98

#Includes weight of required Li.

bThe cell potentials were computed from the free energies of
formation at 25°C tabulated by Gibson and Sudworth in'SEécific~
Energies of Galvanic Reactors, cited in reference 80.

Source: Reference 80.
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assumed that the dischargé products were the monosulfide of the
cathode metal and lithium sulfide (LiéS). Actual cells are
expected'to give a product 1n£ermediate betwéen the monosulfide and‘
a ﬁigher valent sulfide.

Severai.of\tﬁé sulfides included in Table XXXIII were examined
in cells. Of thése, copper sulgide and titanium'diéulfide, which
- had been previously studied,-éhowed Fhe best performance. The
Li/CuS cell with a cathode léading of 85mAh/cm2 avéfaged well over
O.Squuivalents/M over the first 100 cycles. Thevoutput droppéd to
épproximately_O.ZS eq/M around the 300th cycle. 'Thevreasons for the
decline are not undérstood. Other candidate positive electrodes are
'v6013; MoS,, and Cr,0..

Diefhy} ethef,,neat or blended with other ethers, with LiAsF6
as':he‘supportihg electrolyte, has sh@wn the least activity toward

the Li electrodé.(gl)

Of the mixed electrolytes studied, the most
desirable ope was (C2H5)20 (90 v[o):tetrahydrofuran Slb v/o)
with 2.5M LiAIF . Stored cells, with TiS, cathodes, showed
stable open circuit'voltages for‘uﬁrto one month. (The work at EIC
.on mixed ether solverts was partially supported by the Office of
. Naval Research.) |

The studies of tﬁe Li/'I'iS2 and Li/\;6013 cells haveAled to
projected performances as foilows:(82)

® 130Wh/kg;

¢ 50W/kg;



° 100-200 cyéles; and

° $100/kWh.

The work of Eisenberg at Electrochimica, as reported in SR-II,
emphasizes the cell system:

Li 'Qrganic solvent - - Chalcospinel
L1 salt MiMyX,

where Ml is a divalent metai, M2 a trivalent metal, and X is S,

‘Se, or Te.

Tetrahydrofuran

Cells of Li CuCoS,

L1C104
were investigated. Soﬁe of the cells used a solvent mixture of
tetrahydrofuran (fHF) and dioxolane-(DIOX)(83) and delivered 109
cycles'at 707 DOD. Durihg cycling, the lithiuﬁ eleét;ode became
capacity limiting. The CuCoS4 operated reversibly with a

three-electron change per mole.
Recent investigations have emphasized techniques for the study

(84) An aluminum

of morphological changes in the lithium.
substrate for investigating lithium stripping efficiency was found
‘to give reproducible results and the lithium.reversibly alloyed with
~the aluminum. Scanning electfon microscopy and other techniques
were used to study the lithium deposits. It was observed that
electrocrystallization and_othér morphological effects vary as.a

function of cathode substrate, the solvent system including the

anions present, additives, and the applied current density.



In the4study of solvents, DIOX was found to be desirable,_but‘
it required the addition of pélymerization inhibitors. Additions of
1,2-dimethquethane (DME) to the DIOX gave the best overall results
for L1 reversibility. LiAsFé was fpund to be,mdre satisfactory
than LiClO4 as the supporting electrolyte giving denser deposits
and a safer system.

Schwager and Muller of tﬁe Laﬁrence Berkeley'LabBrétory.have
iﬁvestigated fiim formation on Li in an electrolyte consisting of 1M -
LiCl0, or 1M L1AsF, in prdp&lene carbonate (PC).(BS) The
techniques used were: |

® Ellipsometry;

o Auger electron spectroscopy;

¢ Ion etching; and )

° Seqondary-ion mass spectroscopy;

- The ellipsometer meaéurements were made over a l4-day period
‘using a flat, optically smooth, lithium-foil electrode and 1M
i.iClO4 in PC as the elecfrolyte.‘ The ﬁeasurements showed that‘thé"
method could be aéplied to the Li/PC-LiClohlsystem. The largerf
film thickngss measu:edwa ellipsometry as compared to capacitance
_measurementé was accounted for by a multi-layer film.structure

(86)

The data also indicated the presence
(85)

involving porous layers.

of L1,0 or possibly LiCl in the film.

2

Argon-ion etching and auger spectroscopy confirmed the film

thickness derived by ellipsometry. These observations were

5-6



consistent with the presence of 11,0 rather than LiCl in thg)film_‘
on the lithium. The observed presence of carboh.fh;oﬁéhogt'phé film
may indicate L12c03 as a component of the film. Secbndary-ion

mass sSpectroscopy pagtly confirmed the presence of L12C03.

The factor of five difference in f£ilm thickness estimaféd'ftpm
capacitance and ellipsomettié metﬁods led to_the suggestion of an |
inner compact film which reaches- a steady state and an outer porous
layer which continued t;”grow;'

~Law and Tobias at the Lawrence Berkeley Laboratory h#fe'
investigated the stability of potassium.in progylene carbbnate
"containing 0.5M of KAlCla.(ST)' Cyclic Qoitammetry and'
éhronopotentiometry were used in ;hig gﬁudy. The response'of the
potassium electrode to two conseéutive<pdlses showéd thé’ﬁotasSium_'
to be activated by either an anodic»or cathodic cuérenﬁ; |
Electroplated pot#ssium remains.shinysin the electrolyte for
extended periods of time: Cyclic voita;mograms of the stored
material indicate that the potassium’may be protecte& by a thin
f£film. Impurities in the elecfrqute can lead to passivation as a
fesulc of reaction with the potaséium. Among the likely reactions
are: | |

2K + B,0 ——»K,0 + H

2 2 2 .
K + ROH —— KOR + 1/2 HZ

K + PC ——->~C02 + C3H50K + 1/2 H2
co, +C,H

2773 376

- +
m—
PC + 2e¢ + 2K 4 K2C03 + C3H6

PC + 2K ——»K

-
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The’reactione with water and élcoholé; the primary impurities in PC,

are considered the most probable. :Corrosion rates were established
for potassium in PC—KAlClA'electrolyte. ~

Dey of Dnrecell, Inc., is investigating the chemistry of

(88)

charging and discharging of the'LiYSOz/Cicell. The follow-

.'iﬁg.reSults*heve been reported:” "

e  A'hermetically sealed Li/SOz rechargeable cell,
: incorporating a reference electrode, has been
oﬁdeveloped :

o Li;S504 has been shown'to be the discharge product
of the'cell. '

e Li,B19Cljg has been demonstrated as a scavenger for
‘electrically isolated Li and L128204 in the cell.

Dey and his-coworkers at Duracell‘have.detetmined that

. L123100110 is oxidized at 3. 6 volts VS i, . This is a

one—electron reaction giving LiBlOCllo as the product...

LiBlOC110 can oxidize both Li and Li S 04, preventing loss

of active material in the cell.

107710

| L123100110 LiB100110:can be further oxidized at a

LiB Cl was prepared chemically by oxidizing

potential of 4.3 volts vs. Li. Although the oxidation prod-
uct was unstable in acetonitrile, it could be studied by pulsed
polarography. The following summarizes the reactions of

including the reaction of Li and Li,S.0

1 2529,

LiyByCly0s

with LlBloCl10
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e e '
L15B1oClig— LiByoCl o 5 B15Clyg

\
| Li; LiZSZOA//’
Farringtén and Worrell of the University of Pennsylvanla are
exploring the use of polymeric electrolytes in ambient temperatufe
lithium cells. Efforts have concentrated 6h po1yethy1ene-oxide

(PEO) complexes with lithium-ion salts. Examples of these complexes

are shown in Figure 58. Nuclear magnetic studies have shown L1+-‘
to be the déminant charge carrier.

Thin films of the PEO complex have been used as a solid
, electrolyte in cells 6f the tyfe:

PEO
Li TiS,y
Li Salt

The cell open circuit voltage varied with the amoupt:of lithium in
the. cathode, i.e., the statg of charge, similar to organic
~electrolyte cells with the same electrodes. l

Alternative membranes to the PEO-LiX complexes are beling
explored by Litt at Case ﬁestern Reserve University. Tri-block
polymers are béing synthesized in which polyethylene glycol
(molecular weigﬁt 1,000) is to be the central block; A
high-pressure gel permeation chromatdgram has been constructed to
ob;ain polyethylene giycol polymers with a narrow molecular weight

distribution. 8?)
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Polyethylene Oxide - Salt Complexes

€ CHZ—CHZ—O)n

PEO

- LiSCN
: -5 -1
PEO. - KSCN o~10 7 ~ (Qcm)
45-75°C"
PEO - Nal _
 o~101 (geml - 30%
PEO — LiTFA oo
e~10"4 (Qcm) - 140%

LiTFA ~ Lithium trifluoracetate

i

| | FIGURE 58 o
. POLYMERIC SOLID ELECTROLYTES



5.1.2 Molten Salt Electrolyte Cells

The Ca~alloy/molten salt/Fe$S cell was described in SR—Ivand

2
SR-ITI. Roche and coworkers at ANL are continuing to explore this
cell as an alternative to the Li-Al/Li1C1-KCl/FeS cell. Post-test.
examination of the eells reported in SR-II shoﬁed that the BN
separator had been degraded by reaction with the Ca,Si negative.
Lowering the calcium activity in the anode-bj the use of a ternary
alloy, Ca-Al-Si, was shown to markedly decrease the tate ofkettack

" on the BN. .Cells with theSe alloys gave voltages 0.24 volts less
than the_CaZSi cells.. The negative electrode compoeitioq selected
Qas a mixture ef CaAl2 and CaSi.

Based on cyclic voltammetry measurements, finely divided carbon
(E-Coke Flour) was selected as the current collector for the FeS2
electrode. Cyclic voltammetry experiments were also used to examine -
the effects of electrolyte composition on the performance of the
Fe82 electrodes. Bicells (two negative aed’one positive
/LiCl-NaCl~CaCl

electrode), CaAl -BaCl /FeSz, were

1. 2 0 4 2
cycled. Figure 59 shows voltage-time curves for two different
discharge rates and one cﬁarge‘rate; Both the charge and eischarge
curves show the two steps in the reaction ef_FeSZ. The celle
showed a decline in capacity with cycling. The cells did show

improved cycle life when compared with the Ca-Si negative cells;

however, cell reproducibility, based on cycle life, was not high.
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Efforts to overcome the declining capacity with cycle life,
which liﬁits the useful c&cle life, are continuing. The goal of the
- studies is a multiplate Ca-Al-Si/FeS2 ce1;~with the folléwing
| characteristics: |
s e Specific energy, 160Wh/kg;
o Specific pover, ZOOW/kg; and
e Cycle life, 1,000 cycles.
Earlier. studies by Mamantov and coworkers on the cell:
\ Na/Na+ ioﬁ cdnductor/SCI; in‘moiten chloroaluminates
were deséribed in SR-II. The sodium ion éonductor, ﬁ"aluﬁina; acts
as béth a separator and ion con&uctor. Tﬁe cathode reactant is
prepared by the electrochemical oxidation of elemental sulfur or
introduced as SC13A1014. The ééil is operated in, the |
temperature range of 1é0 to 250°cC, tﬁe lower temperature being
~ determined by thevdecreasing COnduétivitybqf the f"alumina with

temperature. The electrochemistry of the cell reactions has

recently been reviewed.(go)

The simplified cell reaction can be written in two steps based
91)

< on the following assumptions:

° S(1V) is present as SCl, even though SCl, is not
stable under normal conditioms.

; ® Elemental sulfur is written as S rather than Sg.
' Step 1: SCl, + 4Na——»5 + 4NaCl

Step 2: S + 2Na —> Na,$
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The actual reactions are much more complex inﬁolving‘melt species
such és AlCl4 " and A12C17 - and the compgunds formed by

their interaction with sulfur species. The cell capacities and
spgcific‘energies are a function of the NaCl:AlCl3 ratio. Thg
caiculatedvcapacities and specific energieé‘for various‘cells_are
listed in Table XXXIV.

The two reaction steps are shown in Figure 60. They vere
determined by constantcurrent discharge and charge. Thé two-step
disghérgé permits almbst 90% Qtilizétion 6fvthe sulfur capacity; the
first step accounts for 60%. This agrees with a four-electron
change in fhe first digcharge'stép and é two-eléctron change in the

second step for an overall change of six electronms. The effect of

~ temperature on cell performance is shown in Figure 61. A cycle life

: Qf over 1,350 has begh obtained in one ;ell and another cell has.’
Egen cycled 476 times in avlo—month beriod. The cell has also
withstood several tempefa;ure cycles. |

The\exceilent capacity and cycling of the Na/SCl3 + cell,
\-élong with its much lower operating temperature than the Na/S cell,
make it worthy fbr'further evaluation in practical cell structureé.
The lower operating temperature should decregse‘the sealing and
current COllectiqn material problems.

5.1.3 All Solid State Cell

Initial studies and the construction of the solid state cell,i

Li alloy/LiI.A1203/meta1 sulfide,
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TABLE XXXIV

CALCULATED CAPACITY AND SPECIFIC ENERGIES FOR
SEVERAL CELL REACTIONS

Case A: The discharge stops when the solvent composition in the
cathode compartment reaches the A1(III)/Na(I) mole ratio

of 1:1. ‘ S
_— Cell

. . Voltage _2 Specific Energy

Overall Cell Reaction (volts) Ah/g (10 °) (Wh/kg)
' 63/37%  70/30%  63/37* 70/30%

SCl, + 4Na = S + 4NaCl - 4.17, - 5.67 7.80° " 236.4  325.2
SC1, + 6Na = Na,§ + 4.17 | - -

4NaCl 3.37§ 5.85 8.14 228.3. 317.9
SC1, + 2A1 + 2NaAlCl, =  2.57) - .

N&,§ + 4AlCl, 1.77° 7.19 9.35 - -

~

Case B: The four electron process occurs unti). the solvent composi-
tion becomes equimolar;. the two electron process occurs in
NaCl saturated melts. , )

Cell
Voltage ~2 Specific Energy
Overall Cell Reaction (volts)  Ah/g (10 ©) (Wh/kg)
SC1, + 6Na = Na,$ + 4.17° 8.30 11.32 306.8  418.5
c

4NaCl ©2.75

%Initial mole ratio of total A1(III) to Na(I).
First step. '

“second step.

‘Source: Reference 90.
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are reviewed in SR-II. This cell is being investigated by Rey of

Duracell and operates at 350°C.(92) The Li-Si/'I'iS2 couple has

been shown to be capable of the following performance (packaging not

included):
‘o Energy efficiency:
| 84 to 87% at SmA/cm2 (c/10)
78 to 81% at 10mA/cm2‘(C/5)
° Sbecifié enefgy:
110 to 140Wh/kg (C/10)
60 to 100Wh/kg (C/5)
e Peak specific power (15 second pulse):
360W/kg (full charge) o
100 to 180W/kg (half charge)
The in#estigators‘at Duracell have developed a hermetic
gléss—to—metél feedthrough for can cells and have fabricated 5-cm
diameter cells. The cells can withstand deep thermal cycling and
long—-term, open—-circuit storage at operating temperature; ‘To énable
a more detailed study of electrode polarization characteristiés, a

three—electrode cell has been developed.

5.2 Electrolyte, Materials, and Cell Engineering Research
The‘éollection of systematic data on aqueous electrolytes is

the goal of.studies.by Goldberg and Staples at the National Bureau

vof Standards. SR-II noted the computational methods for evaluating

the activity and osmotic coefficients of sulfuric acid. The
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computational schemes have been extended to the evaluation of the
relative molal enthalpies and apparent molal heat capacities of
aqueous systems. Activity and osmotic coefficients have been
evaluated for the bivalent compounds of cadmium and zinc and for the

univalent~bivalent aqueous solutions of Li and Na,CO

4 2¥73°
© Studies on the activity coefficients of alkaline electrolytes

~

by Macdonald and coworkers are noted above in Section 3.4,

SR-I and SR-II described the discovery and initial evaluation
of.Nasicon-(Na1+erZSi P3 xOlz,vwhere X = 2.0 to 2.4) as ‘
a possible alternative solid electrolyte topB and P "alumina.
Gordon and coworkers at Ceramatec ‘have been exploring alternative
‘methods of fabricating Nagicon electrolyte tubes. The procedures |

developed involve the following steps:

1. Mechanical mixing of raw materials (Na3PO4 12H50,
$109, Zr0y or ZrSi0;, and Na3PO4), X

2. Calcination at 1,160°C;

3. Dry milling;

>4. Isostatic pressing; and

5. Sintering at 1,230 to 1,2600C.
Electrolyte tubes with x=2, prepared by the above method, showed
poor static corrosion resistance in sodium at 200 to 300°C and low
endurance in sodium-gsodium test cells. Improved electrolyte tubes
were prepared by hot isostatic pressing or by changingﬁthe

composition to x=2.4. Alternative procedures to obtain more durable
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elecﬁ;blyté tubes such as sol-gel and slurry-solution spray drying
(93) "

 were réportedly under invéstigation.
Studies of Nasicon have also been undertaken by DeJonghe af thé

Lawrence Berkeley Léﬁorétory.(94) Compositions with x=2 and x=2.5
were prepared. The samples with x=2.3 showed less degradation in
300°C sodium. Crack patterns, which markedly decreésed the strengtﬁ
of the Nasicon, were-observed. Further evidence of crack formation
was the increased resistance following exposure to sbdium. X-ray
analysis showed tha; an unidentified compound, possibly a phosphate,
was seﬁerely»attacked by molten sodium. The Nasicon laftice
parameter Was_also increased during sodium exposure. The Nasicon
compositions prepared to date have been éhownlfo bé unéatisfaétory
for a pfactical.electrolyte. | |

" Wuensch at the Massachusetts'Instifute of Technology is
investigating the-mechanism of fast ion conduction in Nasicon-like

(95) Synthesis, x-ray diffraction

and other fast ion conductors.
anélysié, and AC conductivity measurements at 1 kHz have been
completed for more than 50 sdlid solution phases in 10 different
Nasicon-related systems: ‘

NaAZrZSiB_xGeXO12

Na3zr2PSiZ—xGex012

A1+er2V3_x'1‘x012 (AQNa-and K, T=Ge and Si)

Naxx283—xpx012 (X=Al1 and Y)
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‘therefore, be valid. -

-xTiZ—xTaxP3012

187 Y5301

Lii

X

" A complete series of Nasicon-like solid solutions is formed for

0<x<3 in the system Na4ZrZSi3_xGex012. Conductivity is
not strongly dependent upon composition. - Upon substitution of the
larger Ge lorn, the c¢ axis of these hexagoﬁal soiid solutions rises
through a maximﬁmvand then anomalously decreases. A similar effect
was reportedvnear the compositions of maximum conductivity in
Naéicon, per se, Na3Zr2P812012, and was attributed to repulsive -
interactions between the mobile M ions as their number and site
océupagciés changed with coméosition. In lh4ZrZSi3_xGe#012’
however, the concentration of hh,is‘ﬂot'only fixe&, but all sites
are fully occupied. Earlier explanations of the anomaly cannot,

- /

An appreciable range of solid solution extends between Nasicon

and its Ge analogue, Na3Zr2PSiz;xGex012. The ¢ axis

decreases anomalously upon substitution of the larger Ge ion.

'Conductivity at 300°C changes little with composition but the

activation energybdispléys an apparent decréase with Ge content.
Upon substitution of a smaller octahedral cation in the framework,
improved Li conductivity was obtained: the conductivity of

. '_3
LiTiZ(P04)3,¢300 ='7-x 10 = reciprocal Q2-cm, is an order

of magnitude higher than the Li analog of Nasicon,

Li32r,PSi,0;,, and 50% higher than Li Balumina. Sodium and
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potassium analogs of the Ti-substituted phase had 0 300 of 4.6 x
107 and <1077 reciprocal §2-cm, respectively,vdemonstrating the
importance of the match between size of the mobile ion ahd the
Nasicon framework.

Tuller at the Massachusetts Institute of Technology has
continued his work on.glasses in the syétem LiZO—B203, which
‘was briefiy reviewed in SR-II. Recent studies have involved the
substitution of chlorine for oxygen in these glasses tﬁfough the
substitution of LiCl for~L120.' This resultéd in systematically
increasing'the_lithium ion conductivity and decreasing the glass
transition temperature as well as the &ensity. Conductivities aé

1

high as 2 x lo_szlcm— at 300°C have been attained.

Glasses in the Li 0-B_0,, system were exposed to attack by

27273

molten lithium. . They remained cdherent and did not dissolve.

. However, a black reaction product formed 6n the surface;. The rate

of formation of the black product decreased with increasing lithium

éontent of the glass. Similar black films were formed on

LiZO(LiCl)--BZO3 glasges. Studies have been initiated_pn the

corrosion resistance of these glasses and the effects of imposed

current flow on'their'properties. Initial results are encouraging.
Huggins. and coworkers at Stanford are continuing their studies

on the thermodynamics, structure, and electrochemistry of

lithium-based systems as they relate to possible use in secondary

-,
|
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batterien. The emphasis has been on the relationship.of microscopio

properties of the materials to their behavior in battery systems.
The studies at Stanford on the 1Li-Sn system were summarized in ,

» SR—II. These have led to a different approach to lithium-alloy

| negatives. An all—solid composite microstructure which may be able

to overcome some of the life—limiting processes of the Li-Al

electrode, noted in Section 4 2.1, has been postulated. The

compound for the matrix phase of the composite should have the

‘ following characteristics° |

}

¢ Good electronic conductivity in order to act as the
current collector;

° High diffusion constant for the electroactive species
(e.g., Li),

] Stable over the‘operating range of potentials; and

° Capable of maintaining the microstructural morphology of
the reactant phase. _

The above concept has been‘demonstrated using L12.6 Sn as,the -
matrix and Lini as the reactant. Experiments were performed
using an initial matrix composition of Lil.SBSnQ .8ilicon powder
was added to this material. The 1lithium was added electrochemically
to form the Li2‘6Sn matrix and the two-phase Si—Li1;7ISi
reactant. |

The material was studied in a cell using Al/Li—Al’counter and
reference electrodes. Representative charge and discharge curves,

showing\the electrode polarization as a function of the cell's
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state of charge, appear in Figure 62. Curve A shows the
disappearance of the nucleation-related dips and peaks when the cell
was ﬁot cycled to the ends of the plateau. The total capacity over
the discharge range was 0,93Ah/cm3.

Although the theoretical capacity of the matrix-reactive alloy
system 1s less tﬁan the Li-Al or Li-Si negatives being evaluated for
the Li-alloy/FeS cell, the Li-Sn, Li-Si s&stem may have some advan-
tages. .One is é.kinetic advantage due to the higher diffusivity‘of'
Ii in the matrix compaféd with the fused-salt matrix combination of
the ANL cell. This system also avoids the possibility of electrolyte
freezing withiﬁ the poreé of the elecfrode matrix. ‘The major advan-
tage would be the retention of capacity on cycling. As noted abové
in Section.4.2.2, tﬁe Li—-Al system tends to lose capacity‘on cycling
anduan éxcess of the negative plate may be neeéed to obtain the
desired cycle life with capacity'fetéﬁtioﬁ. Under these circum-—
stances a lower energy density électrode may be a better-éhoice for
meeting the lifetime goals for the moiten salt systems.

vThe group at Stanford has also investigated alternatiﬁe

(98)

positive électrodes for lithium molten-salt batteries. These

studies have focused on ternary lithium, transition metal-oxide
systems. The phase equilibria of lithium-metal oxide (Li-Me0)

systems have been examined to select useful positive active

9 in galvaﬂic

materials. The electrochemical reduction of Li%FeO

cells of the type:
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Al, Li-Al/LiCl—KCl/LixFeO2
was investigated. Thebéquilibrium potential cur&e for the positive
of the above'configurétion is illustrated in Figure 63. Note the
flat value of E over x values from ~ 1.1 to 3.8. Tﬁis has 1éd tb
the estimation that, f&r the cell described above, the theoretical
specific ehergy is 413Wh/kg. Simple cells were also shown to be
operable at 10 ‘to 12mA/¢m2 with low overvoltage. These cells were
shown to be reversible. |

Raistrick and-Poris,-working with‘Huggins at Stanford, have
examined the use of alﬁali nitrate moiten salts as electrolytes in
iﬁtérmediate teﬁperatqre lithium batterieé. These authors note the
impbftance of ;he formation of a pfotective film in those cases

"where the lithium potential ié_below the reduction limit of the
electrolyte. ‘Such a protective film of Lizo forms in the molten
nitrate salt eutectic LiNO4-KNO5 at 150°C. This layer is very'
thin and has a resistahce of only a few ohms for a 1 cm—.2 lithium
e;ectrode. The'LiZO léyer formed acts as é second electrolyte in
series with the molten salt electrolyte.

VZOS and LiCo0., have been examined as positive electrodes

2
with a lithium negative and a molten L1N03-KNO3 electrolyte.

The V,0q had the better characteristics and discharge and charge

curves are shown in Figure 64.
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The research on alternative approaches tb high energy cells is
continuing and potential new couples will continue to be evalﬁated.

Specific cell modeling studies have been reviewed with other
aspeéfs of research and development of the specific cells. Tobilas
and coworkers at LBL are investigating the general problem of the
hydrodynamics and structure of eleétrodepoéition. The results are
applicable fo batteries with a soluble anode product, quch as zinc,
electrowinning of metals,.and eiectrodeposition.

A current density regime, below the.limiting density, has been
ideﬁtified in which spiral 1like striations form on a rotating |
electrode.(loo) Withiﬁ this regime, an increase in current
density leads to an increased nuﬁbe: of spirals and decreases their
formation time.

| Based on studies with ZnCl2 and.ZnSO4 solutions, it was
concluded that complex formation and electrolyte conductivity do not
influence spiral formation. Other studiesvindiéate tﬁat spiral
formation was associated with the speed of rotation of the electro&e
-on which deposition was occurring.

Variable—currentvstep and AC pulse fechniques were ﬁsed to
reiafe the original substrate surface conditions to the structure of
the electrodeposit. A close_relétionship between surface defects,
nucleation densitf, and the formation of spirals was observed.

Prentice and Tobias have developed a model for simulating

transient behavior of electrodes undergoing deposition or
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(101)

dissolution. The model accounts for ohmic drop, charge-
transfer overpotential, and mass-transport effects. Finite
difference techniques were used in. computer simulations.

Convergence has been attained and general guidelines for deter-
mining the computational parameters have been established.
Experimental testing of the model was carried out using
carefully controlled electrodeposition conditions. The working
electrodes were two contOuréd rotatingvcylinders with different

sinusoidal profiles. A range of Wagner numbers (Wno):

Wno = Ne_ (Charge transfer resistance)
nQ (Ohmic resistance)

was investigated. At low wno’ the current density variation on
the profile of the electrodeposit was greatest. When wno was

high, the current density and the electrodeposit were more uniform.
Deposition kinetic parameters were determined from overpotential
behavior on smooth; copper, rotating cylinders. . These were
~incorporated in the model simulations of the electrodeposit

profiles. The simulated and experimental profiles generally agreed

to within 10%..



6.0 ELECTROLYTIC TECHNOLOGIES

"The electrolytic technology subelement has the objective of
increased energy efficiency and materials savings in industrial
electrochemical processes. SR-II reviewed the resﬁlts of a series
of process studies on the electrow;nnng and recovery of metals,
inorganic electfochemical synthesis, battery materials recovery, and
- the potential for energy savings in orgaﬁic electrochemical
synthesis. ;Laboratory efforts on’ process improvements and the
uhderstanding‘of ér&cégs—reiated phenomena were alsolreviewéd in
SR-II. This repoft;éoveréﬂthé continuing efforts on conservation in
electrochemical teéhnologies which were reported at the BECC.

6.1 Electrochemical Winning of Metals

The potential'for energy savings in the elgctrochemical wiﬁning
and recbvery‘of metals was reviewed in SR-II. Baséd on the results
of these studies specific topics were selected for emphasis between
December l979'an& Jﬁné 1981. The sﬁudies reported at the BECC
centered on the electrowinning of aluminum and zinc, with brief
ment;on of the ANL studies on the recovery of -copper via the elec-
trolysis of solﬁtions of the cuprous ion. |

6.1.1 Electrowinning of Aluminum

The winning of aluminum, because of its high electricity usage,
has been one area of emphasis under the program. SR-II described
the work at Argonne National Laboratories concerning alternatives to

the Hall-Heroult process. The alternative process selected for



investigation at ANL was the electrolysis of A1283 father than

of Al,04. .Three reaction paths to A1283 considered were:

A1203 4+ 3C + 35 high temperature _ Al;S3 + 3CO (1)
A19(504)3 + 6555 —190°C 5 41555 +.6C0, + 6S2 2) .

A1203 (in melt) + 3c0s —850°C , A1555 (in melt) + (3)
2

'Experimental work has been conducted-at ANL on reactions (25
and (3). Table XXXV lisfs ;he'resulté of the effect of the flow

2

rate of carbon disulfide an& reaction time on the conversion of
aluminuﬁ sulf#te to the sulfide, féaétion (2). The percént
conversion increased with the time of flow.

The results of the study of reaction (3) are listed in Table
293 to A1283.in'£he.me1t

XXXVI. The conversion of Al
increased.with the flow rate of the carbonyl sulfide, COS. The

conversions were low and the maximum final concentration given in
Téblé XXXVI was 0.39 wt % of Alzs3 iﬁ the melt. Separaté
measurements determined thevsolubility of A1283 in the melt fo
be 3 wt Z;. Howéver, the solubility Qas 1ncreased to 7.5 wt % by tﬁe
additibn of aluminum chloride tp the melt. fhé A1283 in the |
presence of AlCl3.formed:AlSC1 inAthe melt.

Electrolysis experiments weré.éoﬂducted with three different
-A1283 concehtatioﬁs. The electrolysis vdltage was from 1.4 to

1.6 volts at currént densities of 200mA/cm2. The current
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TABLE XXXV

PRELIMINARY RESULTS OF THE SULFURIZATION OF
ANHYDROUS Alz(SO4)3 WITH CS2

Sample o | % Conversion of
Number _ Conditions . A12(304)3""'A1233
R-24 700°c, 1 hr, | 46,7

CSy/He flow of 134 cc/min

R-25 700°C, 1-1/2 hrs, , 55.0
‘ CSy/He flow of 100 cc/min

R-26 700°C, 30 mins, ‘ 29.0
CSy/He flow of 103 cc¢/min .

R-27 700°C, 80 mins, 47.8
' CSp/He flow of 98 cc/min

r-282 700°C, 100 mins, - A 55.6
CSZ/He flow of 127 cc/min :

2 -325 mesh Al,(S04)3 was used. All other samples were
mixtures of + 325 mesh Aly(S04)3, -

Source: Argonne National Laboratory.



TABLE XXXVI

CONDITIONS OF IN-SITU Al,S, PREPARATION AT 850° C

273

AND ANALYTICAL RESULTS'OF REACTION PRODUCTS®

Sample Number

50:30:20 mol Z%.

Source: Argonne National Laboratory.:
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MS-1 - MS-2 'MS-3 - MS-4
'WtA of A1203 6.29 4,98 6.00 4.3
COS Flow Rate (cc/min) 68 102 108 120
Reaction Time (hrs) 2 2 1.5 i
Alzs Consentration
M x 10 ) 0.93 2.50 - 2.90 5.28
A1283 Concentration
(wt%) .0.065 . 0.185 10.215 0.39
®Eutectic chloride salts with the composition of MgCl2 :NaCl:KCl =



efficiency was over 80%. These results indicate the feasibility of
the Alzs3 electrolysis method for preparing aluminum. v

ANL has also initiated studies to improve the preparation of
AlCl3. This compound is used in a new process for aluminum
electrolysis being evaluated by Alcoa. Studies are in.progression

3
liquid- liquid extraction of A1C13 from an aqueous solution or from

a sugpension of aluminum hydroxide, Al(OH)3 The following
reactions outline the approach under investigation »
A1(0H3) (Aqueous) + 3HX(org) 80°C A1X3 (org) + Hp0

AlX3(org) + (Li Na,K)Cl(s) + 3HCl(g) 125°C_(Li,Na,K) AlCl4(1) + 3HX(org)

where HX(org)vis a carbon— or phosphorous-based extractant. No
specificxresults'were reported.

Modeling studies, reported.in SR-lI, of the electrolysis of
alumina in cryolite, have shown that the dissolution and
recirculation of the aluminum in the molten salt can lead to current
inefficiencies; Magnetic field effects, which induce recirculation
in the electrolyte, have been suggested as one of the factors

i
requiring control to improve the energy efficiency. A mathematical

model to determine the changes in cell design that can reduce the

-

magnetic field effects has been undertaken,at Lawrence ﬁerkeley
Laboratory.(loz)
By applying the model to cells'with various arrangements of

busbars, the cryolite velocity contours in the cells were

calculated. These were used for calculating the electrolysis



efficiency of various cell designs. As a result of these
calculations, researchers plan to experimentally evaluate
alternative configurations which may lead to higher cell
(103) |

efficiencies.

6.1.2 Electrowinning of Zinc

The Battelle study, reported in SR-I1I, conciuded thﬁt the
alkéline leach and electrolysis pfoceés wés a lower energy réute'tg'
zinc, in selected.cases,ﬂthan the'commonly used sulfate |
prdcess.(104) Further stﬁdy of 2inc recovery ﬁas been conducted
at ANL and‘Prbtofech;

Meisenhel&er et al,»at ANL have further analyzed the
conclusions of Battelle and have concurred with the ené:gi é;vings

(105)

»potential'of the alkaline process. waevey, they have
concluded that the realizablé energy saéings will probablyibe less
" than the savings projected by Battelle--10% vs.'33%.v~ANL,also

| concurred in the Battelié-cpncluéion of the potential for cos£
savings through the use of tﬁé glkaline zinc process.

The ANL analysis of the zinc induétry produétion projections
was not encouraging with respect to the iptroduction of new
ﬁrocesses. However, the alkaline process is highly compatiblé‘With
the lower grade ores which will constitute a‘major source of the |

future U.S. zinc supply. Thus, if additional capacity should become

necessary the alkaline process represents a promising alternative.
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The recovery of zinc from scrap, which is practiced more’
extensively outside the United States, and from zinc flue -dusts
presents an additional potential application for the alkaline'
process. The evaluation of the process-by the EIC Corfdration was
also summarized in SR-II. ) e

A potential need for zinc recoVéry would be the introduction
into tﬁe marketplace of one or more of the zinc negative'battéfies
discussed in Sections 3 and 4. For example, the introduhtioniof:@he
zinc/nickel—oiide battery in EVs has been projected to reach one
million cars by the year 2000. Assuming a’ 5-year bdttery'liféi‘fhio‘
would lead to a potential'of-100,000Ametr1c'tons of zinc being ‘
available for recovery in 2005. | .

Béoed on this evaluation, Meisenhelder- et al. have made the
foilowing recommendations for additional studies:

° Further economic assessments of the alkaline vs. acid
processes for the primary and secondary recovery of zinc.

. Laboratory research on the operation of the alkaline
electrolysis process.' .

The Prototech appfoach'fo'reducing’thevedéfgy requirements in
the acid electrolysis of;zino'io’thiough’thé"usé(of a Prototech
hydrogen anode to replace the oxygéﬁ‘eéolving'leé&>o;odo. The
standard Hydrogen electrode being used‘in these studies is a-
platinum-catalyzed gas diffusion anode containing 0.3 mg of -

Pt/cmz. Modifications of this electrode to obtain improved

performance have been evaluated by comparing the anode working
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potentials. Anodes have been tested in 15 x 15 cm cells. A saving
of 1.69kWh/kg of zinc. (i.e., 50%) was obtained when compared with
the energy used with the standard lead anode. Endurance tests of
1,000 hours have been éarried éut with hydrogen anodes having 0.4 or
0.09 mg Pt/cmz. The higher platinum content electrode was less
polarized.

Meisenhelder et al. have'evalugted the use of the hydrogeﬁ
anpdé(in the ,alkaline zinc electrolysis process.(los)' Their
eséimgte of a saving of 1.41kwh/kg of zinc in the acid process is
'sqméwhat,lower‘;han that reported above (1.69kWh/kg). In the case
of the alkaline zinc fecovery they‘estimate a saving of 1.14kWh/kg,
a 56% energy sa&ing. |

Both the Protofech an& ANL studies show marked electrical
energy savings in the electrocyemicél recovery of zinc by the use of
a hydrogen anode.

(106)

Ptototech ‘reports an overall énérgy saving due to the

' szprocé;s (including esfimaééd energy inéfficiency due to

- producing hydrogen from.petroleum coke) of about 40%Z. In 1979,
Prototech Company-estimaéed the combined amortization plus operating
cost saving(106?‘due to the H2 procéss (at 50 ASF, 40-60°C) at

4.2-5.6¢/kg zinc. More recent estimates based on improved

performance indicate a saving of 5.9¢/kg zinc.



Preliminary studies by the EIC Corporation concerningimetal
recovery from spent batteries were reported in SR-II. This work has
been extended by Castle Technology Corporation to include s;x
battery systems: zinc/nickel—oxide, iron/nickel-oxide,
zinc/chlorihe,_ziqc/bromine, sodium/sulfur, an& 1ithium~-aluminum/
iron sulfidé. ' |

Flaw ;heets, suéh as.;hose included in SR-II for the Zn/NiO(OH)
and Li-Al/F_'éS b;attex;ies, were developed for the various battery
systems. for thé'i;/NiO(OH) and Fe/NiO(OH) cells, ammonical and
acid leach and pyrometallurgical processes were evaluated. The
process evaluation concluded that, for the Zn/NiO(OH) battery with
pressed nickel oxide electrodes, a hydrometallurgical (leaching)
route 18 best. In the same batteries with sintered-nickel positive
electrodes, the pyrometallurgical Eérbohyl\process producing zinc

(107) However, batteries

‘oxide and powdered nickel was preferred.
in which the positive eiectrode 18 made by the deposition of nickel
on an irén sﬁbsifété méy require eithe:»an additional step for iron
removal or they may need?td-be fécyéled hydrometallurgically.

The zinc chloride and zinc bromide from their respective

batteriesﬁéan'be'recycled following solution purification. The

spent réactants in the Na/S battery can be recovered by dissolution



in dimethylacetamide followed by conversion to NaZS3 by reacting

with sulfur.

A flow sheet for the recovery of_material from the:Li—AJ/FeSx,
battery was included in SR-II. An alternative method for lithium
recovery, suggegted by Pemsler gnd Spitz, is phe leaching of the(;_

-L1,S from the spent battery with water.(107) The lithium is

2
then precipitated as the carbonate and rgconvefted to the sulfide;
Estimated capital and operéting‘costs for the va:;ous processes
are listed in Table XXXVII. The table in@icgtgs.that,‘of'the ‘ |
.materials included, the récovgry of nickel yields the greatgst _
economic benefit; ﬁowever, until one or more of the a}ternati?e
batteries is commercialized, pilot plént evalﬁation of récovery

processes would be premature.

6.2 Electrochemical Production of Inorganic Chemicals

Ene;gy conservation efforts in the electrochemical industry
have included an overview of inorganic electrosynthgticvprocesses
and a continuing experimental program congerned with lower éhergy
chlor—-alkali (chlorine and sodium hydroxide) processes. The latter
includes both fundamental and process 1nvestigatiqns.f~

6.2.1 Electrochemical Production of Iﬁorganic Chemicals‘

A survey of the electrochemical production of inorganic

(108)

chemicals was completed during 1980. This study by the

Castle Technology Corporation had as its objective the.

identification of electrochemical technologies applicable or
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11-9

RECYCLE PROCESS CAPITAL AND OPERATING COSTS FOR

TABLE XXXVII

LARGE ELECTRIC VEHICLE BATTERY PLANTS

v Recycled New Material

Capital Operating Material Cost - Cost

: Cost = . Cost (¢/1b of (¢/1b of

Process Product Tons/Yr  ($1,000) ($1,000/yr) product) product)
"Zinc - Acid Leach Zno0 5,282 4,830 7,300 69 45
Zinc - Ammonia Leach Zn0 4,090 - 5,470 4,590 56 45
Zinc - Pyrometallurgical Zn0 . 4,090 4,770 2,800 34 45
Nickel Solution - Acid Leach N1iSO, 9,929 4,670 5,590 28 103
Nickel Solution - Ammonia Leach Nisoy 9,930 5,010 6,270 32 103
Nickel Powder - Acid Leach Ni Powder 8.107 11,310 9,190 57 250
Nickel Powder - Ammonia Leach Ni Powder 8,780 . 11,050 9,870 56 250
Nickel Powder - Pyrometallurgical Ni Powder 8,167 6,440 3,940 24 250
Combined Nickel and Zinc - Zn0 5,507 9,290 9,710 30 83

Acid Leach o NiSO, 10,454 : ' '
Combined Nickel and Zinc - Zn0 4,266 9,900 7,840 27 -86
Ammonia Leach NiSOy, 10,454

Zinc/Chlorine ZnCl2 8,423 1,620 2,330 14 25
Zinc Bromine ZnBrg 10,218 2,240 2,620 13 41
Sodium Sulfur Na2S3 46,640 10,610 8,460 9 12

Lithium-Aluminum/Sulfide Lizs 8,560 7,830 9,190 - 54 125-155

%plants handling 100,000 electric vehicle batteries/yr.

b

Cost of combined product-



,potentially'applicsble to the preduction of inorganic chemicals,
excluding ehlofine/caustic and metals. Emphasis wasrplaced on
energy conservation. The study included inorganic chemieals that
are:

e  Currently produced electrochemically.

e . Not currently produced by electrochemical technology but
ones for which electrosynthesis may offer advantages.

) Used captively within a process and can be regenerated
' electrochemically.

It was estimated that currently 6 x i012 kcal/yt k3 x 10°
barrels of oil equivalent) are used for inorganic synthesis
(excluding chlorine/caustic)o Of this, 67% 1s used for the
production of chlorates and perchlorates. | ‘

Sodium chlorate is prnduced_by the electrslysis.of_sodium -
chloride at a pH of 6.4 to 6;8 (msintained by the addition of
hy&rochloric acid). The anodes used have generally been granhite,
however, these are being renlaced by titanium coated with a noble
' metal or metal oxide (ft,,RuOZ). The neweraanodes permit highet
operating temperatures, better current efficiency, and lower energy
consumption, 4,700-5,500kWh/ton NaClO, compared with 5,100 to
6,000 kWh/ton for graphite. |

The study noted recent improvements'in cell design and
operation. vThese can fesult in small decreases,in energy

consumption but do not overcome the large voltage loss at the

hydrogen evolving cathode. Pemsler and Spitz note thet the
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development of imbroved catalytic coatings can reduce cathodic
overpotentials by 0.2 to 0.5 volt. This;correspopds_to a5 to 14%
energy savings. :They further éuggest that eléctrocﬁtalysts
developed for other electrochemical systéms.be-tested'in the

- chlorate cell. In addition, the air depolarized.ca;hode, discussed
below as paft of chlor/alkali ce11~developmént, may also be
applicable to the chlorate cell. This would decrease the voltage by
0.8 volt.  Another sugéésted energy'saviﬁg approach is to use the
hydrogen evolQed as the anode reactant in the fuel cell.

-The'pfeparation of other fnorganic compounds'qﬁrrently
manﬁfactured electrochemically, but involving less energy than
sodium chlorate production,:was_alsolre?iewed. The compounds .
c§nsidered were:. -sodium perchlorate, sodium Hypochlorite, and
manganese dioxide.

Hyd;ogen peroxide and zinc were suggested as industrial
chemicals, currently manufactured by non-electrochemical methods,
for which energy séving:eiect;ocheﬁical processes may become'
available. Hydrogen peroxide, ongg manufactured electrochemically,
is presently manufactured by the oxidation of organic
intermediates. Pemsler and Spitz suggest combining the.cathodic
reduction of oxygen.to hydroperoxide ion in alkaline solutions with

the anodic oxidation of sulfate ion to the perokydisulfate ion:
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Cathode:
02 + H20 f 2e ___>H02 + OH
Anode: v
2m——»SO 2,—."'23

250, 208

The conversion of the peroxydisulfate ion to hydrogen peroxide was
the method for peréxide production gsed prior to the introduction of
the organic oxidation foutes; The use of both anodic and cathodic
pathways to hydrogen peroxide permits the synthéSis of 2 moles of
peroxide wiﬁh the use of two faradays, thus halving the classical
current requirements. A flow sheet based on this process is shown
in Figure 65.

Electrochemical épproaches were outliﬁed for the production of
ozone and for the regeneration of sodium hydroxide from sodium
sulfate produced when sodiuﬁ hydroxide solutions are used for sulfur
dioxide removal from the stack gases of coal burning systems.

-The production projections fof the year 2600 for the chemicals
considered in the Castle Technology Corporatioh study and their
energy requirements are summarized LP»Table XXXVIII.

6.2.2 Chlor-Alkali Production

The chlor—alkali industry is the second largest electricity
consumer in chemical and metal prodﬁction. A lower energy path for
the manufacture of chlorine and sodium hydroxide has been a major

thrust of the ECS program and earlier studies were reviewed in SR-I

and SR-II.
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TABLE, XXXVIII

PRODUCTION AND ENERGY CONSIDERATIONS FOR THE ELECTROCHEMICAL GENERATION
) OF INORGANIC CHEMICALS IN THE YEAR 2000

Growth Production in : Annual Energy

Rate Year 2000 Energy Content Requirements
Chemical (%) (thousands of gotal Electrolytic Total Electrolytic

short tons) (10° Btu) (106 Btu)  |(10}2 Btu) (1012 Btu)

Chlorate 5.6 840 58.1° 54.5 48.8 45.7
Perchlorate 4 - 75 32.6 - 30.8 2.4 2.3
Eléctrolytic
Hypochlorite 6 100 53.6 47.4 5.4 4.7
Electrolytic
Manganese Dioxide 6.5 80 75.5 44.3 6.0 3.5
Fluorine 4 4.5 100 100 0.45 0.45
Hydrogen Peroxide,
Chemically . '
Produced 6 400 45.6 - 18.2 -
Ozone Produced by ‘
Silent Discharge - 2402 - 63-190 | - 15.1-45.6 -
Caustic from b ) : .
Sodium Sulfate - 350 34.7 34.7 12.1 12.1

chemically

8 0zone production taken as 10% of the chlorine production used for water treatment; chlorine
growth rate estimated as 6%/yr.
b Caustic recycle from sodium sulfate based on sulfate formed in caustic scrubbers; caustic
scrub estimated to be used in 107 of scrubbing systems.




ABam Engineers, Inc., has conducted a sfudy comparing the
process engineering and economics of the diaphragm and membrane
chlor-alkali technologies.(log) Some emphasis was placed on the
membrane type cells as they are considered to be most readily
adapted to the new techﬁologyo The statué*of the oxygen cathode
technology is described in the review of the Diamond Shamrock Corp.
studies which follows. The specific technologies compared in the
Abam Engineers study Were:l

. Conventional diaphragm cell plant;‘

. Membrane cell plant with current commercial technology;

; Membrane cell plant with catalytic cathodes; and

o Membr;ne cell plant with oxygen depolarized cathodes.

The study found that the diaphragm cell plant, at the size of-544v
metric tons per day, may have a small economic advantage over other
technologies. The membrane cells, however, consume less energy with
the §xygen (air) cathode cell. These are promising, as lower energy
chlor-alkali cells, when there is no market for hydrogén.

vThe Abam Engineers' evaiuation of altgrnative, but highly
developed, fechnologies concluded that the solid polymer electrolyte
cell, the coupling of diaphragm cells with fuel cells, and the
dynamic gel diaphragm offer technologies for reducing chlor-alkali
industry energy reqﬁirements. The Abam Engineers' study projécts
that the electrical epergyrrequired to‘produce a unit of chlorine in

1990 will be 50% to 60% of that required in 1970. ‘
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The research and development effort concentrates on the -
.reductiop of energy consumption in the membrane process. Ihev
approach‘is the use of.an air cathode to reduce the opera;ing
'voltage of the cell. To achieve this end, emphasis has been placgd
on high performance okygen electrodes. This effort consists 6f'a »
developmental program at fhe Diamond Shamrock Corporation and
fundamental studies ét Case Western Reserve University. Related
investigations at Case ﬁestern concerning bimodal'oxygen electrode§
are discussed above in Sectionb4.1.1.2. A comparison of the
struéture of the oxygen electrode for use in the Al/air battery and
chlor-alkali cell is included above in Figure 32.

The joint effort has shown Qefinite promise of energy
conservation. A reduction of the chlof-alkali cell operating
voltage by 0.9 volt, with an air cathode, has ﬁ;én achieved.
'Assuming no change in current efficiency, this représents a 22%
energy decrease when operated on air an& a 317 decreése on oiygen.
This is illustrated in Figure 66 which compares the pilot plant ééll
performance with air and oxygen with that of a hydrogen evolﬁing
cell. The eléctrédes in the pilot plént cell were 550 cmz.
?rototybe production cell electrode fabrication, leading to
prototype cell operation, has been succéssful. The test program was
to be initiated in the second quarter of'1981, but no data were

presented at the BECC. However, a section of the prototype
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electrode has been iife tested for over 40 days with little to no

change in performance after the first 5 days.

The approach at Case Western to improved electrodes for the

chlor-alkali cell has several aspects:

Development of a predictive base for identifying oxygen
electrocatalysts;

Mechanistic studies on specific electrocatalysts;

Studies of surface properties of specific electrocatalysts;

Short—term polarization measurements on gas-fed cathodes;
and ' '

Peroxide decomposition measurements.

A broad array of catalytic materials is being investigated at Case

Western Reserve, as indicated in Table XXXIX. Some of these are

noted above in Section 4.1.1.

The results of studies on oxygen reduction on the various

éatalysts is briefly summarized:

Pt and its alloys——These have the highest sustained
overall activity on carbon supports (103—10 ‘h).

Silver——-This 1s an attractive air electrode for

intermediate performance, but it slowly goes into
solution during extended operation.

Underpotential deposited metals—-The adsorption of metal
species, e.g., Tl and Pb, on metal catalysts, e.g., Pt and
Au, increases the catalytic activity and offsets the
inhibiting effects of some impurities (See Figure 67).

Transition metal oxides——The spinels, e.g., Co30,
and NiCo904, are effective as hydrogen peroxide
elimination catalysts and can be used to suppress
peroxide in air cathodes catalyzed by Pt.
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TABLE XXXIX

CATALYSTS INVESTIGATED AT CASE WESTERN RESERVE UNIVERSITY

METALS

Pure _
Alloys : t
Underpotential Deposited Layers

OXIDES

Spinels

Perovskites

Others (mixed oxides of manganese, nickel,
silver; passivation layers; pyrochlores)

INTERCALATION COMPOUNDS
Graphite
TRANSITION METAL COMPLEXES

Phthalocyanines: monomeric, polymeric
porphyrins

Tetraazannulenes

Naphthocyanines

Others, including dimetal

CARBONS AND GRAPHITES
Pure

Doped
Surface Treated -
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. FIGURE 67
EFFECT OF UNDERPOTENTIAL DEPOSITED THALLIUM ON
OXYGEN REDUCTION
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° Perovskites—~These, e.g., Lag, 55r(,5C003, have
substantial activity for oxygen reduction as well as
peroxide decomposition but show less overall activity
than Pt.

) Macrocyclic catalysts——Several transition metal
macrocyclics, e.g., phthalocyanines and porphyrins,
have short-term activity comparable to or greater
than Pt. . .

The results of the findings of Case Western Reserve University are
being incorporated into test electrodes for Diamond Shamrock
Corporation evaluation in the chlor-alkali process.

Ross at the Lawrence Berkeley Laboratory is also studying the

electrode kinetics of oxygen reduction on various elec;rocatalystsQ

Emphasis is on the following topics:

o The effects of pH on the kinetics of‘oxygen'redﬁction on

Pt.

® The relative kinetics of reduction on clusters vs. bulk
metal.

e The effect of the structure of metallic surfaces,

including underpotential deposited surfaces, on
electrocatalyst reactivity.

® Dual functionality in metal oxide/activated carbon
catalysts.

Oxyéen rédﬁction on platinum was found to be much more
sensitive to the structure of the metal in alkaline than 1ﬁ acid
media. Small clusters of platihum, 20 to 30 K in diameter, were
;hown to be 10 times more active than similar sized clusters of
ruthenium.(llo) All other metal clusfers of this size studied

were less active than ruthenium. Intermetallic cluster catalysts,
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such as Pt3Ti and Ag3Ti, had improved polarization characteris-—
tics relative to the pure metallic clusters. Two reasons were given
for this improvement:

) An improved dispersion of the metal on the carbon support;
and

° Alteration of the catalytic properties of the noble metal
via a ligand effect.

Ross and coworkers are also investigating the reaction kinetics
of oxygen reduction oﬁ platinum and silver using rotating ring-disc
experimenté. The reaction pathwayvused for analyzing the fesulté is
shown in Figure 68. The two different pathways generally conéidere&
applicable to oxygen reduction are shown--the four- and two-elecétron
catalytic surface reduction steps. These workers have reported a
newvchronopotentiomegric technique which permits the direct
measurement of the kinetics of reaction step 4 (k4).(111)

The initial results confirm other experimental work showing
that the four—elect?on pathway, kl’ is predominant on platinum.
On silver only the two—electron path occurs. The importance of
recycling via peroxide decomposition on silver was also confirmed.
Ross and coworkers indicate that free peroxide in the porous
electrode could accelerate its corrosion and loss of hydrophobicity.

6.3 Organic Electrochemical Synthesis

The study by Beck and associates on the potential for energy

savings by the electrochemical synthesis of organic compounds was

summarized in SR-II. During the period between the third and fourth
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k4 kD o;‘ ké
O H (+ H,0 = H,0, ,+ OH )

kD - Diffusion Rate Constant

kS - Solution Rate Constant

~

Reference 111.

FIGURE 68

GENERAL REACTION SEQUENCE FOR OXYGEN PATHWAYS

IN ALKALINE ELECTROLYTE
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' BECCs, an experimental program was initiated under the direction of
Baizer at the University of California at Los Angeles (UCLA).

This research is emphasizing paired organic reactions, i.e.,
anode and cathode procésses lead to two prdducts or moie;ies
generated at each electrode interact to produce the final product.
E#amples of each.type‘are shown in Figure 69.7 In reaction (1)
_benzene is oxidized at the anode to quinone. In the absence of a
membrane the quinone is transported to the cathode becoming
-hydroquiﬁone. In reaction (2) the acrylic ester is dimerized at the
cathode'and the diélkyl malonate esﬁer is oxidized at tﬁe anode and
dimerizgd to the tegraalkylrester of tetracarboxyethane. The
electrode reactions can be either direct (with the electron transfer
to or from an adsorbed organic‘moiety).or indirect (with the
electron transfer to a species which in turn reacts with the organic
substrate). “ |

As a model of the paired';eaction, Baizer énd coworkers are
1nvestigéting‘the~réact1§ns‘6f_g1ucqsé. VThe ring form of glucose,
Figuré 70, is convefted to the aldéﬁyde fbrm ét ﬁigh pH. The latter
is reducible to sorbitol and mannitol (not shown). The aldehyde
form also can be oxidized by hypobromite ion to gluconic acid in an
indirect anodic reaction, as shown in Figure 71. The periodic
reversal of the current reduces the bromate formed at the anode to

reduce the bromine loss. The simultaneous carrying out of the two

reactions enables the production of two products, sorbitol-mannitol
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and gluconic acid, using half the number of Faradéys'fequired for
the independent electrochemical preﬁa:ation of the products.

This work is 1in its init;al phasés. It should be noted that
paired reactions producing two desired products can increase the

commercial attractiveness of this approach to electrochemical

synthesis.
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'APPENDIX A

PROGRAM FOR THE FOURTH U.S. DEPARTMENT OF ENERGY
BATTERY AND ELECTROCHEMICAL CONTRACTORS' CONFERENCE

June 2-4, 1981
Washington, D.C.

“TUESDAY, JUNE 2

OPENING SESSION

9:30 a.m, INTRODUCTORY REMARKS

Rufus Shivers, U.S. Department of Energy

9:35 a.m. WELCOME

Maxine Savitz, U.S. Department of Energy -

9:50 a.m. OVERVIEW

10:10

John Brogan, U.S. Department of Energy

a.m.
Al Landgrebe, U.S. Department of Energy
10:45 a.m. 'OVERVIEW OF THE EHV PROGRAM
Paul Brown, U.S. Department of Energy
11:15 a.m. OVERVIEW OF DOE'S PHOTOVOLTAIC PROGRAM
Richard F. Santopietro, U.S. Department of Energy
11:30 a.m. OVERVIEW OF DOE'S ELECTRIC ENERGY SYSTEMS
' Leonard Rogers, U.S. Department of Energy
11:45 a.m. APELICATION OF THE "TECHNOLOGY INFORMATION SYSTEM"
TO BATTERY AND ELECTROCHEMICAL DATA REQUIREMENTS
V.E. Hampel, R.A. Kawin, and L.R. Spogen, Lawrence
Livermore Laboratory
SESSION 2 NEAR-TERM BATTERIES
Chairman N.P. Yao, Argonne National Laboratory -’

OVERVIEW OF DOE'S ELECTROCHEMICAL SYSTEM PROGRAM



TUESDAY, JUNE 2 (continued)

SESSION 2 (continued)

1:30 p.m.

1:55 p.m.

2:10 p.ﬁ.
‘2:25vp.m.

2:40 p.m.
2:55 p.m.
3:25 p.m.

3:40 p.m:

3:55 p.m.

4:10 p.m.

4:30 p.m.

2.1 NEAR-TERM EV BATTERY PROJECT--OVERVIEW
N.P. Yao, C. Christianson, T.S. Lee, J.F.
Miller, and J. Rajan, Argonne National Labo-
ratory

2.2 GLOBE LEAD-ACID BATTERY, D.E. Bowman,
Johnson Controls, Inc.

2.3 EXXIDE LEAD-ACID EV BATTERIES--A PROGRESS
REPORT, D.T. Ferrell and H.A. Guggiti, Exide
Management and Technology Co.

‘2.4 EXPANDED METAL GRIDS FOR ELECTRIC VEHICLE

BATTERIES—--A PROGRESS REPORT, H.R. Cash and
C.J. Venuto, Eltra Electric Vehicles Group

2.5 WESTINGHOUSE NICKEL-IRON TECHNOLOGY FEATURES,
R. Rosey, Westinghouse Electric Co.

2.6 NICKEL-IRON TECHNOLOGY FEATURES, E. Broglio

- and R. Hudson, Eagle~Picher Industries, Inc.

2.7"GOULD NICKEL—ZINC‘BATTERY, H.R. Espig, Gould.
Laboratories

2.8 DEVELOPMENT OF LOW-COST NiZn ELECTRIC
VEHICLE BATTERIES, A. Leo, M. Klein, and A.

.Charkety, Energy Research Corporation

2.9 "EXIDE LONG LIFE NICKEL-ZINC VIBROCELTM

BATTERY, E. Pearlman, Exide Management and

Technology Company

"2.10  BATTERY TESTING RESULTS AT THE NATIONAL

BATTERY TEST LABORATORY, F. Hornstra, E. Berrill,
P. Cannon, D. Corp, W. Deluca, D. Fredrickson,

L. Siﬁger, C. Swoboda, C. Webster, C. Christianson,
and N.P. Yao, Argonne National Laboratory

2.11 ORGANIZATION OF THE NATIONAL BATTERY ADVISORY
COMMITTEE, C.E. Larson, Energy Consultant .



SESSION 3

Chairman
Co-Chairman

1:30 p.m.

1:35 p.m.

1:45 p.m.,

2:05 p.m.,
2:20 p.m.

2:35 p.m.

"3:00 p.m.

3:20 p.m.

3:30 p.m.

3:45 p.m.

4:00 p.m.

4:10 p.m.

TUESDAY, JUNE 2 (continued)

SOLAR APPLICATIONS

Albert Landgrebe, U.S. Department of Energy
Robert Clark, Sandia National Laboratory

INTRODUCTORY REMARKS

. Albert Landgrebe, U.S. Department of Energy

3 1 BATTERIES FOR SPECIFIC SOLAR APPLICATIONS--
PROGRAM OVERVIEW, R. Clark, Sandia National
Laboratories

3.2 BATTERY REQUIREMENTS ANALYSIS, D. Caskey,
Sandia National Laboratories

3.3 STUDY OF CUSTOMER VERSUS UTILITY LOCATION,
OWNERSHIP AND CONTROL OF ELECTRICAL STORAGE,
G. Ferrell, Research_Triangle Institute.

3.4 ELECTRIC RATE ANALYSIS FOR SOLAR PHOTOVOLTAIC/
BATTERY ENERGY SYSTEMS, R. Mueller, B. Cha, R.
Giese, and S. Nelson, Argonne National Laboratory

3.5 INITIAL LABORATORY EVALUATION OF BATTERIES
FOR SOLAR APPLICATIONS, A. Verardo, P.C. Butler,

~ D.M. Bush, and D.W. Miller, Sandia National

Laboratories
DISCUSSION

3.6 BATTERIES FOR SOLAR ENERGY STORAGE: RESEARCH
AND DEVELOPMENT PROGRAM OVERVIEW, J. Chamberlin,
Sandia National Laboratories

3.7 A REDOX BATTERY FOR SOLAR STORAGE, A.W. Nice,
NASA Lewis Research Center

3.8 RECENT PROGRESS ON EXXON'S CIRCULATING ZINC

BROMINE BATTERY SYSTEM, R.J. Bellows, Exxon
Research and Engineering Company :

3.9 SEALED BATTERY DEVELOPMENT PROGRAM: OVERVIEW,
D.M. Bush, Sandia National Laboratories

3,10 DEVELOPMENT OF A MAINTENANCE-FREE 100 AMPERE-
HOUR LEAD-ACID BATTERY FOR DEEP DISCHARGE PHOTOVOL-
TAIC APPLICATIONS, C. Farris, Eagle-Picher Indus-
tries, Inc. p_3 v



TUESDAY, 'JUNE 2 (concluded)

SESSION 3 (concluded)

4:25 p.m.
4:40 p.m.

4:55 p.m.

SESSION 4

Chairman

9:00 a.m.

9:30 a.m.

9:50 a.m.

SESSION 5
Chairman

10:30 a.m.
10:40 a.m.

10:50 a.m.

11:00 a.m.

3.11 DEVELOPMENT OF A TOTALLY MAINTENANCE-FREE, - ~
DEEP DISCHARGE LEAD-ACID BATTERY FOR PHOTOVOLTAIC
APPLICATIONS J. Szymborski, Gould, Inc. -

" 3.12 ASSESSMENT OF NICKEL-HYDROGEN BATTERIES FOR

PHOTOVOLTAIC ENERGY STORAGE, J.E. Clifford,
Battelle, Columbus Laboratories

DISCUSSION _ ' o

WEDNESDAY, JUNE 3 - | 3

ADVANCED BATTERIES: SOLID ELECTROLYTES

William Frost, U.S. Department of Energy, Chicago

- 4,1 STATUS OF THE DOE/FORD SODIUM-SULFUR BATTERY

DEVELOPMENT PROGRAM, R.A. Harlow, M.L. McClanahan
and R.W. Mink, Ford Aerospace and Communications
Corp.

4.2 "THE STATUS OF BETA'"-ALUMINA ELECTROLYTE

~ DEVELOPMENT, R.S. Gordon and G R. Miller, Cermatec,

Inc.

4.3 THE STATUS OF DOW Na/S BATTERY RESEARCH,"
C. Nielson and.J. Ramos, Dow Chemical Co.

ADVANCED BATTERIES: FUSED SALT ELECTROLYTES
William Frost, U.S. Department of Energy, Chicago

5.1 OVERVIEW OF LITHIUM/IRON SULFIDE BATTERY
PROGRAM, D. Barney, Argonne National Laboratory

5.2 LITHIUM/IRON SULFIDE STATUS CELLS .PROGRAM,
E.C. Gay, Argonne National Laboratory ‘

5.3 RESEARCH AND DEVELOPMENT PROGRAM ON LITHIUM/
IRON SULFIDE BATTERIES, R. Steunnberg, Argonne
National Laboratory

5.4 LITHIUM/IRON SULFIDE BATTERY DEVELOPMENT,
B.A, Askew, Gould Inc.
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WEDNESDAY, JUNE 3 (continued)

SESSION 5 (concluded)

11:10 a.m.

11:20 a.m.

11:30 a.m.

11:40 a.m.

11:50 a.m.

SESSION 6
| Chéirman
Co~Chairman

9:00 a.m.

9:05 a.m.

9:25 a.m. -

9:40 a.m.

9:55 a.m.

5.5 LITHIUM/IRON SULFIDE BATTERY DEVELOPMENT
E. Cupp and R. Hudson, Eagle~Picher Industrles,
Inc.

5.6 DEVELOPMENT OF BORON NITRIDE FELT SEPARATOR
FOR LITHIUM/IRON SULFIDE BATTERIES, F.C. Tompklns,
The Carborundum Company

5.7 CAPACITY RETENTION IN FeS, ELECTRODES, J.s.
Dunning and R.N. Seefurth, General Motors Research
Laboratory :

5.8 SEPARATOR DEVELOPMENT FOR LITHIEM/IRON SULFIDE
BATTERIES, L. McCoy, R.C. Saunders,. and S. Sudar,
Rockwell Internatlonal

5.9 DEVELOPMENT OF THERMAL INSULATION FOR HIGH
TEMPERATURE BATTERY CASES, J. Nowobilski and A.
Acharya, Unlon Carbide Corporatlon

DISPERSED BATTERY APPLICATION

Rufus Shivers, U.S. Department of Energy

" Mohamed Zahid, U.S. Department of Energy, Chicago

INTRODUCTORY REMARKS
Rufus Shivers, U.S. Department of Energy

6.1 EVALUATION OF CUSTOMER SIDE OF THE METER
BATTERY STORAGE, F.J. Bates, J.E. Clifford,
M.L. Duchi, T.R. Martineau, and J.C. Skelton,
Battelle, Columbus Division

6.2 BATTERY STORAGE ON NEW YORK CITY SUBWAY SYSTEM,
F.V. Strnisa, New York State Energy Research and
Development Authorlty

6.3 DEVELOPMENT OF ADVANCED LEAD-ACID CELL DESIGN
FOR LOAD-LEVELING APPLICATIONS, A.M. Chreltzberg,
Exide Management and Technology Company

6.4 ADVANCED LEAD—ACID LOAD-LEVELING BATTERY,
R.M. Meighan and D.R. Green, C&D Batteries/Allied
Chemical Corporation
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WEDNESDAY, JUNE 3 (continued)

SESSION 6 (concluded)

10:10 a.m.

SESSION 7

Chairman
Co-Chairman

10:45 a.m,

11:00 a.m.

11:20 a.m.

11:45 a.m."

SESSION 8

Chairman-
Co~Chairman

1:30 p.m.

2:00 p.m.

2:30 p.m.

6.5 HYDROGEN OXYGEN RECOMBINATION DEVICE (HORD)
FOR LOAD-LEVELING LEAD-ACID BATTERIES, K. Ledjeff,
VARTA Batteries AG

ELECTROLYTIC TECHNOLOGY

Stan Ruby, U.S. Department of Energy
Bryan Freeman, U.S. Department of Energy, Chicago

7.1 FUEL CELL ELECTRODES IN ELECTROCHEMICAL
INDUSTRIES: RECENT DEVELOPMENTS IN ZINC ELECTRO-
WINNING, W. Juda, A.B. Ilan, and B. F1nn1gan, '
Prototech Company

7.2 OXYGEN ELECTRODES‘FOR ENERGY CONVERSION AND
STORAGE, L.J. Gestaut and I. Malkin, Diamond
Shamrock Corporation

7.3 ARGONNE NATIONAL LABORATORY--ELECTROCHEMICAL
TECHNOLOGY RESEARCH PROGRAM, R. Loutfy, A. Brown,
N.Q. Minh, C.C. Hsu, J. Meisenhelder, and N.P. Yao,
Argonne National Laboratory

7.4 PAIRED ORGANIC ELECTROCHEMICAL SYNTHESES IN
CONTINUOUS FLOW CELLS, M. Baizer, D. Johnson, and
K. Park, University of California, Los Angeles

FLOW SYSTEMS BATTERY

Al Landgrebe, U.S. Department of Energy

Irv Weinstock, The Aerospace Corporation

8.1 COST EFFECTIVE GOALS FOR BATTERY RESEARCH,
W. Walsh, R.C. Elliot, R. McAlvey, S.H. Nelson,
H.N. Steiger, and P.C. Symons, Argonne National

‘Laboratory

8.2 NASA—REDOX STORAGE SYSTEM PROJECT STATUS--
JUNE 1981, A.W. Nice, NASA Lewis Research.Center

8.3 RECENT TECHNOLOGY IMPROVEMENTS IN EXXON'S

CIRCULATING ZINC-~BROMINE BATTERY SYSTEM, R. Bellows,
Exxon Research and Engineering Company
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WEDNESDAY, JUNE 3 (continued)

SESSION 8 (concluded)

3:00 p.m.
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4:15 p.m.
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SESSION 9

Chairman
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.1:30 p.m.

1:45 p.m,

2:15 p.m.
2:45 p.m,
3530 p.m,

4:00 p.m.

8.4 DEVELOPMENT OF ZINC-BROMINE BATTERIES FOR
STATIONARY ENERGY STORAGE, R.A. Putt, Gould, Inc.

- 8.5 ZINC CHLORIDE ENERGY STORAGE SYSTEM Energy

Development Associates

8.6 RECHARGEABLE ALKALINE ZINC/FERRICYANIDE
HYBRID REDOX BATTERY, G.B. Adams, R.P. Hollandworth,
and E.L. Littauer, Lockheed Palo Alto Research Labo-
ratories :

SUMMARY
A.R. Landgrebe, U.S. Department of Energy

DISCUSSION
ELECTROCHEMICAL RESEARCH

Stan Ruby, U.S., Department of Energy .
Frank McLarnon, Lawrence Berkeley Laboratory

9.1 OVERVIEW OF THE APPLIED BATTERY AND ELECTRO-
CHEMICAL RESEARCH PROGRAM, F.R. McLarnon, Lawrence
Berkeley Laboratory

9.2 ELECTRODE KINETICS AND ELECTROCATALYSIS, P.N.
Ross, Lawrence Berkeley Laboratory

9.3 FACTORS AFFECTING THE PERFORMANCE OF SOLID
ELECTROLYTES, L.C. DeJonghe Lawrence Berkeley
Laboratory

9.4 - POTENTIAL USE, FABRICATION AND_CHARACTERIZATION
OF NASICON SOLID ELECTROLYTES, R. Gordon and G.R.
Miller, Ceramatec Inc.

9.5  SODIUM~SULFUR (IV) CHLOROALUMINATE CELL, G.
Mamantov, A. Katagiri, K. Tanemoto, Y. Ogata, and
R. Marassi, University of Tennessee

9.6 CALCIUM/METAL SULFIDE CELL DEVELOPMENT, M.F.

Roche, Argonne National Laboratory
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SESSION_lO
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9:30 a.m.

9:40 a.m.

9:45 a.m.

9:55 a.m.
10:05 a.m.

~10:15 a.m.

9.7 POLYMERIC ELECTROLYTES FOR BATTERY APPLICATIONS,
G. Farrington, W.L. Worrell, F. Tanzella, W. Bailey,

D. Frydrych, and W. Johnson, University of Pennsyl-

vania

THURSDAY, JUNE &

ADVANCED BATTERIES: METAL/AIR

Stan Ruby, U.S. Department of'Energy
Erv Behrin, Lawrence Livermore Laboratory |

10.1 THE DOE METAL-AIR PROGRAM, E. Behrin,
Lawrence Livermore Laboratory

10.2 TIRON-AIR BATTERY DEVELOPMENT E.S. Buzzelli,
Westinghouse Research and Development Cernter :

10.3 BIFUNCTIONAL OXYGEN ELECTRODES FOR OXYGEN
REDUCTION AND GENERATION, E.B. Yeager, D. Tryk,
T. Ohzuku, and w Aldred, Case Western Reserve
University :

10.4 BIFUNCTIONAL AIR ELECTRODES FOR THE Fe-AIR
BATTERY, P.N. Ross, Lawrence Berkeley Laboratory

DISCUSSION

10.5 ' THE ALUMINUM-AIR BATTERY PROGRAM, J.F. Cooper,
Lawrence Livermore Laboratory

10.6 ALUMINUM/AIR BATTERY HARDWARE DEVELOPMENT
AT LOCKHEED MISSILES AND SPACE COMPANY, E.L. .
Littauer, Lockheed Palo Alto Research Laboratory

10.7 UNIFUNCTIONAL AIR-ELECTRODE DEVELOPMENT AND

"TESTING I. Malkin and A.L. Barnes, Diamond Sham—

rock Corporation

10.8 ALUMINUM ANODES FOR ALUMINUM-AIR BATTERY,
C. McMinn, D. Scott, and P. McNamara, Reynolds
Metals Company
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SESSION 10 (concluded)

10:25 a.m.

10:35%a.m.

SESSION. 11

Chairman
Co—-Chairman
11:00 a.m.

11:15 a.m.
11:30 a.m.
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SESSION 12
Chairman

9:00 a.nm.

9:30 a.m.

SESSION 13

Chairman
Co-Chairman

k _
10.9 CRYSTALLIZER RESEARCH, F.S. Williams, Alcoa -

Laboratories

DISCUSSION
FUEL CELLS FOR EVs

Al Landgrebe, U;S.'Départment of Energy
Brian McCormick, Los Alamos National Laboratory

11.1° FUEL CELLS FOR ELECTRIC VEHICLES——BACKGROUND

,J Huff Los Alamos National Laboratory

11.2 FUEL CELL/BATTERY VEHICLE SIMULATION PROGRAM,
D. Lynn, Los Alamos National Laboratory

11.3 FUEL CELL POWER PLANTS “FOR ELECTRIC VEHICLES
ELECTROCHEMICAL ASPECTS, S. Srinivasan, E.R. Gonzalez,
K-L. Ksueh, and C. Derouin, Los Alamos National Labo-

ratory, D-T. Chin, Clarkson College

11.4 FY81 ANNUAL OPERATING PLAN FOR FUEL CELLS FOR
TRANSPORTATION, B. McCormick, Los Alamos National
Laboratory

ELECTROCHEMICAL RESEARCH
Frank McLarnon, Lawrence Berkeley Laboratory

12.1 THE THERMODYNAMICS AND KINETICS OF DEGRADATION
ALKALINE BATTERY ELECTRODES, D.D. Macdonald, Ohio
State University ~

12.2 DEVELOPMENT OF A HIGH RATE INSOLUBLE ZINC

- ELECTRODE FOR ALKALINE BATTERIES, H. Vaidyanathan,

A. Charkey, and C. Hargrave, Energy Research Cor-
poration |

ANALYSES AND SYSTEMS STUDIES

Rufus Shivers, U.S. Department of Energy
Joe Asbury, Argonne National Laboratory



SESSION 13 (concluded)

10:15 a.m.

10:30 a.m.

10:45 a.m.

11:05 a.m. o

11:25 a.m.

'11:45 a.m.

THURSDAY, JUNE 4 (concluded)

13.1 LIFE CYCLE ENERGY ANALYSES OF ELECTRIC
VEHICLE AND LOAD-LEVELING STORAGE BATTERIES
D. Sulldivan, Hittman Associates

'13.2 BATTERY RESOURCE. ASSESSMENT D. Sullivan,

Hittman Associates

' '13.3 RECYCLE OF BATTERY MATERTALS, J.P. Pemsler
. and R.A. Spitz, Castle Technology Corporation

13.4 NICKEL SUPPLY FOR ELECTRIC VEHICLE BATTERIES,

GQW.,Tuffnell,'In;ernational Nickel Company

' 13 5 HAZARD ASSESSMENTS FOR ELECTRIC VEHICLE

BATTERIES, R. Zalosh and V. Hwa, Factory Mutual
Research Corporation

13.6 HEALTH AND ENVIRONMENTAL EFFECTS OF NEAR—
TERM BATTERY CYCLES, M.H. ‘Bhattacharyya and R.K.
Sharma, Argonne National Laboratory
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. *APPENDIX B

ABBREVIATIONS

For the reader's convenience, this appendix lists acronyms and
abbreviations that dppear frequent;y throughout thgvtext. An.alphge
betized list of acronyms is followed by_a list of abb;éviatipns for
units of measure and periods of‘fiﬁé: Finally, tﬁere is a taSle
listing the characteristics of Celgard separétors mentioned in.thel__
report, SRR |
ACRONYMS
AC - Alternaﬁing Current
ANL - Argonné National Lapofatoryf*,

- BECC - U.S. Department of Energy Battery and Electrochemical
Contractors' Conference -

BEST Facility - Batﬁef;-ﬁ;efgy gﬁofage Test Fécility

.BNL - Bfggkhayep National Labor;tbry |

-CE - Couﬁfé;fEieéfrdae'A

CMG -~ Controlled Micro-Geometry

DC - Direct Current o .

DOD ~ Depth of Discharge

DOE - Department of Eneféy

ECPS - Electrochemical Storage Systeﬁs Pfogfam Summaryv"
ECS - Electrochemical Energy Storage Branch

ey

EDA - Energy Development Associates

., B-1



APPENDIX B (Continued)
EDI - Energy Density Index
EES - Electrical Energy Systems Prégr;m (within DOE)
‘EPRI ~ Electric Power.Research Institute
' ERAbCOM - Energy Research and*Developmehé Command
ERC - Energy Research Corporation
ETV - Eieétric Test Vehicle
EV ~ Electric Vehicle
FACC - Ford Aeréspace and Communications Company
ISOA - Improved Stafe»of the Art
JPL - Jet Propulsioﬁ Laboratory
LLNL - Lawrence Livermore National Lasorato:y
LRS - Laser Raman Scattering
NASA -~ National Aeronautics and Space Administration
NBTL - National Battery Test Laboratory
NY ERDA - New quk Energy Research and Development Administra;ibn
vPAFC - Phosphoric Acid Fﬁel Cell
PSE&G -~ Public Service Electric and Gas Company
PV - Photovoltaic |
SIMSTOR - Simﬁlated'Storage Computer Program
SNL - Sandia National Laboratories
S0C - State of Charge
SOLSTOR - Solar Energy Storage Comﬁuter Program -

SR-I - "Status Report-1," Reference 1

B-2



APPENDIX B (Concluded)
SR-1II - "Status Report-II," Reference 2
SSA - Specific Solar Applications |
TIS - Technical Information System
TOD - Time of Day =
. UNITS OF MEASURE AND TIME
FA - Amp‘:
\Ah - Ampere-hour-
i’Atﬁ - Atmésphere
‘cm - Centimeter
‘gm - Gr;m
vin - Hofsepower
keal - Kiiécalori‘es
" kg - Kilogram
j km - Kilo@etér,
W - Kild;vatf
bkﬁh - Kilowaft—hourv
M - Mole |
A - Milliamp

‘mm -~ millimeter

mV - Millivolt
mW - Milliwatt
MW - Megawétt

Sp gr - Specific Gravity

W ~ Watt



CHARACTERISTICS OF SEPARATORS
DEVELOPED BY THE CELANESE FIBER COMPANY®

. Resistance
Material ’ Description (mS2-1n2 in 34% KOH)
Celgard 2400 - 1-mil microporous and polypropylene - --Rather high
with an average pore size of 200 A : .
in length and 20 A in width (poro-
sity, 38%) :
Celgard 2500 1-mil microporous polypropylene Rather high
with an average pore size of 400 A
in length and 40 A in width (poro-
sity, 45%)
Celgard 3400 Celgard 2400 treated with wetting , .007 - .010
agents ' '
Celgard 3500  Celgard 2500 treated with wetting . .006 - .007
agents '
Celgard K307 Celgard 3400 coated on both faces .010 - .012
with a 0.1-mil layer of cellulose :
acetate ' '

%Table lists Celgard materials discussed in this document that are being
evaluated in the Army Electronics Research and Development Command nickel-zinc
_program. - :

Soufce: U.S. Army Electronics Research:and Development. Command, 1981. High
Cycle Life, High Energy Density Nickel-Zinc Batteries, Report No. 4.
PSD~4C. Fort Monmouth, New Jersey.
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