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Abstract

,~

This report summarizes Phase I of a three phase program aimed
at developing Exxon's circulating zinc-bromine battery for photovoltaic
energy storage. This effort was cost shared by Exxon and DOE/Sandia.
Previous work at Exxon had developed a basic zinc-bromine system approach.
This approach incorporates carbon plastic electrodes in a bipolar stack
design, a circulating electrolyte with separable bromine complexes, and
shunt current protection.

Phase I was highlighted by the successful scale-up and demon­
stration of 3 and 10 kWh submodules. Two smaller demonstration batteries
were delivered to Sandia for testing. Important technology improvements
were demonstrated concerning shunt current protection, improved performance
of low cost microporous separators, and insert injection molding of
electrodes and separators. Base technology was expanded via an increased
parametric testing program, materials testing and electrolyte studies.

Production cost estimates were revised based on improved design
concepts to project direct factory costs of $28/kWh (1980$) for large
scale production of 20 kWh modules. A potential developmental plan was
drafted, delineating critical development milestones. The project effort
is continuing to show steady progress toward developing a deliverable 20
kWh photovoltaic battery for the completion of Phase III in 1983.
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Summary

Exxon Research ind Engineering has been developing an advanced
battery system based on zinc and bromine. Projected performance for the
system makes it suitable for various applications such as photovoltaic
and bulk energy storage, and vehicle traction. This report summarizes
Phase I of a three phase effort to develbp Exxo~'s circulating zinc­
bromine battery for photovoltaic energy storage. The effort was cost
shared by Exxon and DOE/Sandia on contract 49-2862. This report covers
development work between April 1, 1980 and April 29,1981, as well as
previously developed backgrou.nd materiaL

Th~ goals of Phase I were to ~cale the system into multi­
kilowatt hour, multi-~tack demonstrations as well as to broaden the base
technology. Phase II will continue development of the base technology,
and will be highlighted by the cycling of a 20 kWh module. This represents
a suitable scale for residential photovoltaic storage. Finally, the
goal of Phase III will be to deliver a self-contained optimized 20 kWh
system to Sandia National Laboratories,for testing and evaluation.

The structure of the report roughly corresponds section-by­
section to the structure of major tasks outlined in the Phase I program
proposal. This should aid re~iewersfamiliar with the original program
proposal.

Phase I was marked by steady progress in all program areas.
System scale-ups to 3 and 10 kWh submodules remained close to schedule
with system demonstration of 100 plus and 50 plus cycles, respectively.
These submodules were based on 80 V stacks comprised of 52 bipolar elec­
trodes. The stacks have provided the most rigorous testing of our new
concepts for shunt current protection. These concepts allow the use of
carbon plastic bipolar electrodes, a cornerstone of our low cost approach.
Furthermore, all key technical elements, the bipolar carbon plastic
electrodes, the separable bromine complexers, circulating electrolytes,
microporous separators, shunt current protection and multi-stack parallel
operations, have now been combined and show stable operation in significantly
large scale demonstrations.

Two smaller batteries, a 500 Wh without shunt current protection
and a 1.3 kWh with protection, have been delivered to contract monitors
at Sandia National Laboratories for in-house testing, evaluation and
familiarization. The initial battery, delivered in October, has been
cycled over 100 times, showing performances equal to those achieved in
Exxon laboratories. In spite of minor damage incurred during shipping,
operation of the 500 Wh unit has been trouble-free. The second battery
has been delivered and is now undergoing testing.
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Several specific technology improvements were further demon­
strated during Phase I, The continued development of an electrolyte
additive treatment to impart selectivity to the microporous separators
resulted in the achievement of stable coulombic efficiency for 150 plus
cycles. An improved concept of shunt current protection~ called "Tunnel
Protection"~ based on electrolyte interconnects between branched channels
has undergone further development and testing. This decouples hydraulics
and shunt currents and reduces the system's auxiliary power consumption.
Demonstration of injection molding of 6 dm2 inserts (i.e.~ active area
equal 600 cm2), using either electrodes or separator~ greatly increased
the availablity of system components. This also increases the potential
for mass producing batteries. The parametric testing program has continued
to expand the system data base in terms of duty cycle~ system variations,
component life and system reliability.

Manufacturing cost projections were updated, including recent
injection rates~ new electrode extrusion concepts and cost reductions on
the electrolyte. Direct factory production costs for 20 kWh units in
large scale production (100,000 batteries per year) are projected at
$28/kWh (1980$). This estimate includes most direct costs, but excludes
most indirect costs. This cost estimate also incorporates recent design
improvements as well as increased experience in plastic fabrication and
assembly. A projected commercialization schedule, aimed at marketing 20
kWh units for photovo1taic storage~ bulk energy storage and traction
vehicles, was prepared. This schedule delineates major technical milestones
as well as pilot plant production targets. The program could reasonably
be producing 25,000-100,000 units/year by the early 1990's.

Future project efforts are turning to the Phase II program.
Emphasis will be on demonstrating a 20 kWh battery, continuing develop­
ment of production techniques, and extending cycle life data. An auto­
matic life cycle station .with a microprocessor based battery controller
will be cOnstructed to obtain extended cycle life data.
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O.Introducti·on

The structure of this final report follows the general outline
of major tasks that were delineated in the original Phase I program Work
Statement. The report inclDdes overall Phase I progress and concludes
at the end of Phase I activities. 'Some previ~usly unpublished background
work, concluded prior to the start of Phase I,has also been included;'
This section (Introduction) has been added to furnish general information
on the Phase I program and on the operation of Exxon's circulating zinc
bromine battery to readers unfamiliar with our recent progress.

0.1 Highlights of Phase I

This work represents the first phase of- a three phase program
whose goal is the development of Exxon's circulating zinc-bromine battery
for photovoltaic and bulk energy'storage applicationsi Phase I bu~lt on
~ foundation of technology that had previously been developed by Exxon
Research and Engineering Company. The present effort is cost shared by
Exxon and DOE/Sandia (Contract 49-2862). Phase I had several goals
among which are:

Continued development of the base'zinc-bromine technology,
development of a design for a 20 kWh photovoltaic battery, demonstrations
of intermediate scale-ups on the path to a 20 kWh design and delivery of
two small demonstration batteries to contract monitors'at Sandia.

Steady and timely progress was made toward those goals s6 that
at the conclusion of Phase I, a number of individual accomplishments
deserved mention, namely:

..
"
"

"..
•
"

Successful cycling of 3 kWh (X-3) sub-module for 100+ cycles
Successful cycl ing of 10 kWh (X-10) sub-module for' 50+ cycles
500 Wh battery and 1.3 kWh battery with shunt current protection
delivered to Sandia
Shunt current protection demonstrated for TOO+ cycles
Mass manufacturing techniques, injection molded electrodes, demonstrated
Cost estimates refined for advanced 20 kWh design
Developemental plan produced

These major accomplishments as well as a general broadening of system
knowledge are discussed below in detail.

Projected system performance is shown in Table 0-1. These
performance estimates are based on the performance of present electrodes
and electrolytes, in either the 3 kWh or smaller 500 Wh batteries pro­
jected into the advanced 20 kWh design (Section 1.1). Therefore, the
only assumptions are: there will be no loss of performance during the
scale-up to larger electrodes, there will be a 10% power requirement for
auxiliaries, and the weight and volume reductions associated with reservoir
and electrode support structures will be achieved. If these are valid
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TABLE 0-1

EXXON'S ZINC-BROMINE BATTERY PERFORMANCE

PRESENT* PROJECTED+

Electrochemical Efficiency (% ) 68-73 72-78

Voltaic Efficiency (% ) 85 85-90

Coulombic Efficiency (% ) 80-85 85-90

Energy Efficiency (% ) 65-70 70-75

Specific Energy (Wh/kg) 55 65-70
Energy Dens ity (Wh/l) 70 80-85

Specific Power (W/kg) 80 90- 100

Power Density (20-Sec.) (W/l ) 90 105-110

Discharge Voltage (V) 80 120

Factory Cost- 100,000 Units/Yr (1980 $) $28.05

* Present Electrode Performance of X-3 Modules in 20 kWh Design
+ Present Electrode Performance of 500-Wh Systems in Advanced 20 kWh

Design



- 6 -

assumptions, then our successful demonstrations of 3 and 10 kWh sub­
modules and recent production cost estimates, make Exxon's circulating
zinc-bromine battery a leading advanced battery candidate for photovoltaic
and bulk energy storage as well as for vehicle traction.

O.Z General Circulating Zinc Bromine Battery Background

This section briefly discusses the principles of system opera­
tion and describes major components.

O.Z.l Introduction and System Description

The Exxon zinc-bromine battery is based on a battery module
with a flowing electrolyte and utilizes two recent developments: a
reversible liquid bromine complexing agent and conductive carbon-plastic
technology. Previous attempts to develop the zinc-bromine battery have
failed because of problems with self-discharge due to bromine diffusion
between electrodes, irregular and dendritic zinc growth, and corrosion
problems due to the high reactivity of bromine. In the present approach,
self-discharge is controlled by use of a bromine complexing agent to
store bromine outside of the cell. Electrolyte circulation gives uniform
zinc depositio~na-corrosion is avoided by the use of the conductive
carbon:plastic and other plastic components which are bromine-resistant.
In addition, carbon-plastic components provide a low cost, easily mass­
produced battery module.

The basic understanding of bromine complexation chemistry was
acquired in an extensive synthesis and screening effort over a two-year
period. Hundreds of compounds representing six major classes of com­
plexing agents were tested. Eventually, preferred complexing agents
were chosen, based on rapid reversibility, bromine resistance, and general
compatibility with the flowing zinc bromine system (1).

In developing this technology, Exxon views the zinc-bromine
(Zn/BrZ) battery as an advanced candidate for various energy storage and
motive power applications. System components are basically in-hana, and
system development does not depend on inventing some as-yet-to-be-developed
component. Rather, the progress from this point must be measured in
terms of continued performance improvement (duty cycles, life, and cost
consideration) and adaptability to specific applications.

Operat ion of the Ci rcu 1at i ng Zi!].c -Bromi ne Battery

Advanced battery designs, based on the circulating electrolyte
concept, have been proposed for various couples, such as lead acid,
zinc-nickel, iron-nickel, zinc-chlorine and zinc-bromine. Electrolyte
circulation is generally useful for feeding reactants, removing pioducts,
assisting thermal management, and homogenizing the electrolyte. Although
electrolyte circulation increases design complexity, it frequently allows
better performance and higher specific energies. A particular advantage
in the Zn/BrZ battery is improved uniformity of the Zn plating during
charging.
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A schematic of a circulating Zn/ Br 2 battery is shown in Figure
0-1. The system has three main components. The principal component
is the electrochemical module, where the actual electrochemistry takes
place. The second component is the circulating electrolyte, an aqueous
solution of zinc bromide and bromine complexing agent, which is circu­
lated in two streams through the electrochemical module. The third
component is the system of pumps and reservoirs which store and circu­
late the electrolyte. The operation of the Zn/ Br 2 battery is easily
understood by following a typical charge/discharge cycle. During charge,
zinc is plated at the negative electrode and bromine is evolved at the
positive electrode. Bromine reacts with the complexing agent to form a
second phase, indicated by dots in Figure 0-1. This bromine-rich phase
is circulated out of the electrochemical module and is separated by
gravity in the catholyte reservoir. Long-term charge retention is excellent
because the Br2 is stored remotely from the zinc. During dischqrge, the
catholyte valve is opened and the Br2 complex is fed back to the module.
Now, Zn and Br2 electrochemically react to form the original zinc bro-
mide solution, liberating the energy absorbed during charging. -The
separator prevents direct mixing of the anode and cathode Toops, thereby
reducing self-discharge during cycling.

Component Descriptions

Battery Module - The battery module is nearly all plastic construction,
so that the f~nal product can be easily and economically mass-produced.
Figure 0-2 shows an expanded view of the battery components., an alter­
nating series of electrodes, plastic screens and separators.

a.) Electrodes - Previous zinc-bromine batteries have been
plagued by bromine corrosion of metallic electrodes. Even titanium-
based electrodes show corrosion pitting, resulting from bipolar shunt
currents and/or from cell reversal. The Exxon Zn/Br2 battery.has avoided
this problem by the use of a conductive carbon plastic composite. The
carbon plastic is used for both the zinc and bromine electrodes. An
extra layer of porous carbon is added at the Br2 electrode to increase
the reactive surface area. The conductive carbon plastic is framed with
a filled,non-conductive plastic which matches the thermal properties of
the carbon plastic. Flow channels, molded into the non-conductive
plastic, uniformly distribute the two flowing electrolytes to each cell.
The conductivity of the carbon plastic (about 1 (ohmocm)-l) is sufficiently
high that there is virtually no ohmic loss in the case of bipolar electrodes.
The carbon plastic conductivity is not sufficiently high, however, for
efficient monopolar electrodes, but metallic current collectors can be
molded into the carbon plastic to increase lateral conductivity. There
is no observable contact resistance between the metal screens and carbon
plastic because of the high contact area and high compressive stresses
generated during molding operations. Such composite electrodes have
been used in monopolar configurations, and are presently used as endplates
on bipolar stacks. The area of the present electrodes is 600 cm2 but
the materials and techniques can be easi ly scaled to larger dimensions.
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Figure 0-2 Battery Stack Components
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b.) Screens - Screens of polyprb~Yle~e or polyethylene se­
parate the electrodes from the membrane.' lJex'ar screens, made by DuPont,
are bei ng used present ly. The screens kee'p"th~ electrodes uniformly '.
spaced and provi de extra vo 1ume for zi r'lc de-ppsit ion. They promote uniform '
flow distribution over the electrode face~::'

_'C','

c.) Separator,- Previous workempiha~izedi;ion'-!)elective mem­
branes. These separators were made of ate,flol1' fi lm:'Whichhad been
grafted with su Honated styrene to i nduce"ibtl:'se'ledi vi ty. Thi s mem­
brane passes zinc ions and limits the mfg~~tfo~or Brz from the cathode
to the anode, because Br2 exists in solut'ion,':as'the. neqative Bq- soecies.
Bromine at the anode would react directJy, with the ztri,c deposit and ", "
reduce the battery capacity. Ion-se lect,1,y'~;;melnbranes','have a c lear-:cut
coulombic efficiency advantage over porol.fsi'se'par.ato,r::'malerials, However,'
porous separator materi als are less costlyf;::':'Depending on the specHi c
battery application, acoulombic efficienC/vs.,co'sttrade-off may be
undertaken wi th regard to the cho'i ce ofsep,i't~'ator fTlateri al,s. Our recent
work has emphasized the use of microporou~in~fubran~~ along with a low
cost electrolyte additive which enhanc,es the)membrarie's ab; lity to retard
bromine diffusion. "I',· '

d.) End Block - Electrodes,spacer~, and membranes can be
conveniently assembled into siacks. The~~d~ of each stack are bolted
between plastic feed blocks which provide, the external manifold con­
nections and hold the electrodes in a uniJorm <;:ompression. Figure 0-3
shows a stack of 52 ~lectrodes manifolded to~ether between end blocks.

" '

Electrolyte - The zinc-brom~ne battery ~ysi~m uses an ~queous electro­
lyte having two components, zinc bromide salt and a bromine complexing
agent. These components are low cost, i.e., they are readily prepared
from commercial items. The typical concentration of the electrolyte in
the discharged state is: 3 MZnBr2, and 1 Mbromine complexing agent.
In typical operation, 70% of the ZnBr2 is converted to Zn o and Br2 at
full charge." '

, "

a.) Zinc Bromide is the active ingredient of the electrolyte.
It is the participant in the electrode reactions, and it is the major
ionic current carrier. Zinc bromide provides a cell voltage of about
1.75 volts, and except for internal electrolyte resistance, there is
virtually no cell polarization.

b.) The Bromine Complexing Agent is based on quaternary am­
monium chemistry. This complexing agent was 'selected after a screening
program which considered several classes of Br2 complexing agents. The
present agent was chosen because of it~ highlY reversible complexing of
bromine, superior chemical stability, latk of toxicity, miscibility with
zinc bromide solutions, and its potentiallqw cost. The use of a com­
plexing agent reduces the aqueous Br2 concentration in the aqueous elec­
trolyte by 10 to 50-fold. This retards Br2'diffusion across the microporous
membrane and also Br2 attack of the plastic components. The complexing
agent also reduces H2 evolution and improves,p)ati.ng at the anode.

I, '~ •
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Figure 0-3 52 Cell Bipolar with End Blocks
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The Circulation Equipment - The pumps and reservoirs for circulating the
zinc bromine battery system's electrolyte are a distinct departure from
standard lead-acid battery technology. The ability to flow and to store
the electrolyte external to the cell has many advantages. Flow mixes
the electro lyte and prevents the growth of zi nc dendri tes on the e lec­
trodes. All batteries "gas", and a flowing electrolyte removes the gas­
eous by-products and simplifies cell maintenance. Heat removal is also
simpler with a circulating system. Since most of the electrolyte is
located external to the cell, the electrode spacing can be reduced, and
the cell, therefore, has a lower internal resistance. Power consumption
by the circulating system can be designed to be a small fraction of the
battery output. Finally, the external storage of Br2 avoids the basic
problem of self-discharge to a large degree.

a.) Pumps - Early small-scale laboratory testing utilized
both peristaltic and centrifugal pumps. Practical larger designs favor
centrifugal pumps which are magnetically coupled to either AC or DC
motors, depending on use. Present small commercial centrifugal pumps
can deliver close to 20% overall pumping efficiencies and larger pumps
can be even more efficient.

b.) Reservoirs - The present reservoirs are simple polypro­
pylene or polyethylene tanks. The cathode reservoir has separate with­
drawals for the aqueous phase and for the dense bromine oil. However, a
portion of the bromine oil is recirculated during charge to promote
mixing of the two phases and to prevent stratification which decreases
the effectiveness of the complexing agent.

0.2.2 20 kWh Photovoltaic Battery Design Approach:

Initial consideration of photovoltaic battery applications has
focused on domestic grid connected storage systems with total capacity
between 15 and 30 kWh. A desirable system must combine long life, low
initial cost, high turn-around efficiencies, high terminal voltage, low
maintenance and various other features. Similar features are desired in
other advanced battery applications such as bulk energy storage and
vehicle traction. Therefore, it is prudent to develop a basic zinc­
bromine battery design that can be adapted to various advanced applica­
tions with a minimal amount of customization. This approach is attrac­
tive because it encourages the development of a common core battery
technology which minimizes early development costs, while offering nearly
identical final products for various applications. Thus, a larger pos­
sible market is created, and there should be a more rapid entry into
volume production.
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The initial design approach was based on existing bipolar
electrodes having an a'ctive area of 600 cm2. These were arranged as
shown in Figure 0-4. The system building block was a stack of 52 bipolar
cells giving a nominal discharge of 80 V. Operating at present effi­
ciencies and loadings (90- 100 mAh/cm2), each stack has a discharge capa­
city of 3-3.5 kWh. Running six stacks in parallel produces a net 20 kWh
battery. Reservoirs and pumps are located below the stack for a compact
design. The initial attractiveness of the bipolar design was made possible
by cost reductions arising from the use of carbon plastic electrodes.
However, complete realization of this design required the development of
a novel means of controlling shunt currents (Section 1.3). The design
of the 20 kWh (X-20) battery for Phase II is shown in Section IV, Figure
V-2. The six stacks in this X-20 design are less compact than the design
in Figure 0-4 to allow for access during laboratory assembly and operation.

This original design approach will eventually be superseded in
Phase III by an advanced 20 kWh design (Sections 1.1 and 1.2) which uses
larger electrodes (1200 cm2), larger stacks (78 cells) and therefore,
fewer modules (2). Cost reductions provide the principal driving force
for these recent modifications in the ultimate system design.

0.2.3 Historical Perspective

Exxon's present concept of the circulating zinc-bromine battery
is based on a number of contributions. Original patent literature on
the zinc-bromine battery is nearly 100 years old. Recent development in
the late 1960's was spurred by circulating electrolyte design work at
Maqneti-Marelli (3) and work on separable bromine complexes at Eco-
Control (4). In the early 1970's, several attempts (5,6,7,8) to dev,eloD
circulating zinc-bromine batteries were made. Differences between these
approaches are discussed elsewhere (9).

Significant events in the development of the Exxon system are
chronicled below, in order to provide a brief historical perspective on
recent developments. The basic technical innovations required to create
a battery appear to be "in-hand", so that the major effort is now in
scale-up and demonstration rather than innovation that might involve
major redesigning of the system.



Nominal Capacity
Specific Energy
Energy Density
Specific Power
Energy Efficiency

Pump Drive

Motor
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20kwh
6S-70wh/kg
SO-S5wh/1
SO-100W/kg
65-70%

II

28

Base TanklSupportl
\Anolyte Reservoirl

APPROXIMATE WEIGHT: 6751bs.

Figure 0-4 Conceptual 20 kWh Zinc-3romine Prototype Design



Time

1959-1964

1970-1977

1972

1975

1976

1977

1978

1979

1980

1981
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Events in Exxon's Circulating Zinc-Bromine Development

Circulating electrolyte fuel cell program at Exxon

Fuel cell partnership with French company - Alsthom, C.G.E.
Provides initial circulatinq electrolvte module (fuel
ce 11 s ).
Shunt currents observed in fuel cell and electrolyzers.

Conductive carbon plastic invented by Exxon fuel cells
group.
Carbon plastic incorporated in fuel cell modules.

, Fuel cell flow components used for Zn/Brz battery.
Cathode catalytic layer developed.

Brz complexing agents screened and selected.
Shunt currents observed in bipolar stacks.
Shunt. current protection concepts developed.
Ion-selective membranes utilized.

50 cycle ~ 50 Wh data - bipolar and monopolar designs -
100 cmZ electrode:

First electrode production in United States - compression
molding.
Shunt current protection tested in glassware simulation.
Insert injection molded electrodes - 100 cmZ.

Microporous separator with electrolyte additives developed.
First 500 Wh and 1 kWh batteries - 100 cmZ electrodes.
Shunt current protection demonst~ated in zinc bromine battery.
Public demonstration of 500 Wh battery at EV Expo II.
Scale-up decision to 600 cm Z bipolar electrodes.
600 cm Z compression molded electrodes manufactured.

Shunt current protection demonstration in 500 Wh and 3 kWh
600 cm~ electrodes.
Daramic microporous separator used with electrolyte additives.
Protective electrodes developed.
Tunnel shunt current protection concepts improved.
Automatic cycle testing - 50 Wh monopolar - 100 cmZ electrodes.

DOE/Sandia Phase I contract begins.
Injection molded bipolar electrodes - 600 cmZ.
Ion selective replaced by microporous separators plus additives.
100 cycle plus testing of X-3A.
Two piece unit cell design.
Production cost estimates revised.
Commercialization plan developed.

50 cycle testing of X-10.
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0.3 Photovoltaic Battery Applications

Photovoltaic (PV) generation of electricity offers the promise of a
renewable energy source that could someday reduce our dependence on non-renewable
energy sources, such as imported p~troleum. However, the widespread use of
photovoltaic energy is limited by "two key problems, the ihitial cost of the
collectors and cyclic availability of solat energy.

Battery storage of photovoltaic electricity is already being used in
many small remote ap~lications to store energy generated during the daytime
for later use during periods of overcast skies or darkness. Technically, this
solves the problem of cyclic availability. Most of these facilities use lead­
acid batteries. In these remote applications, the value of the remote, unattended
power is sufficient to justify the cost of both the collectors and the batteries.
However, the total energy conservation achieved on these sites is trivial
compared to present national energy consumption because of both the small
number and scale of these remote sites.

Many groups are working to reduce the cost of the photovoltaic collectors
and much progress is being made in this area. ,If the price continues to drop,
then domestic sized photovoltaic units could be an attractive market. However,
at this point, the cost of the batteries, at current lead~acid prices, will be
a major fraction of the system cost. Photovoltaic systems without batteries
can augment electrical grids in various residential situations. However, a
recent study (10) has shown that low cost photovoltaic systems with battery
storage could make significant reduction inutility power demand, therefore
reducing present fossil fuel consumption. This study does make the point that
the desirability of these PV/battery systems will depend on various factors
such as local insolation and utility rates and at least a factor of two reduction
in present battery costs (SIOO-lSO/kWh).

The model developed in the above ~tudy, called Solstor, is shown in
Figure 0-5. It shows a typical home connected td a utility grid. In addition,
solar panels can be used to power the residence or feed into the grid via a
DC/AC inverter, or to directly charge the battery storage system. Later, during
dark periods, energy stored in the battery can be fed to the house or the grid
via the inverter. Through careful sizing, the grid becomes an extended load
leveling system, supplying peak power demands and ab~orbing excess storage
capacity. The final report for this study includes a full description of the
range of variables studied including collector and battery costs, system maintenance
and life, siting considerations and various pos'sible utility rate structures
( 10).

A typical crystalline silicon photovoltaic output in full sunlight
is shown in Figure 0-6. Maximum solar power generation for this cell occurs at
about 0.5 V. The effect of reduced insolation at 25% and 50% full sun is
approximately shown by the dashed line. This reduced insolation could be
either from haze or from the angular incidence of the sun on the collectors.
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Figure 0-6 Solar Power Generation ­
Crystalline Silicon Cell
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A possible direct interfacing of a 20 kWh zinc-bromine battery to an
array of solar cells is shown in Figure 0-7. The photovoltaic array is based
on 30 parallel strings, each with 180 solar cells in series or a total of 5400
individual solar cells. The charging curve for Exxon's zinc-bromine battery
is plotted on the same coordinates. The actual battery rate wou~d be given by
the intersection of the charging curve with the solar generation curve at the
appropriate level of insolation. This interfacing was designed so that all
photovoltaic energy would be us~d to charge the battery. In this design, the
relative slopes of battery charge and solar array have been designed so that
the battery charging rate is always near the maximum solar power generation
point, regardless of insolation rates, so that full use is being made of the
solar cells ' capacity. In the Solstor model, a significant fraction of the
power would also go directly into the residence via the inverters. In this
case, more solar cells in parallel (for example, 60 parallel strings) would be
required with the power of these extra strings supplying the average house
demand. These curves illustrate some of the considerations in the coupling
and sizing of zinc-bromine batteries to various solar arrays .

•
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Solar Array:: 180 Cells in Series K 30 Cells in Para11el

Zn/Br 2 Battery = 20 kWh Capacity

Operating Points

Solar Generation Curves

100%

Battery Chargin~
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-Increasing Insolation
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>
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o 10 20 30 40 50 60

Current (A)

Figure 0-7 Direct Interfacing of Solar
Array and Zn/3r2 Batterv
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I. Design, Costing and Planning Studies

Initial work on Exxon's circulating zinc~bromine battery (1)
indicated that it was an attractive advanced battery technology with
potentially high performance, long cycle life and low initial cost.
This section describes recent studies concerned with specific design
concepts that have evolved during Phase I, and the impact of these design
concepts on the projected manufacturing cost. Finally, a possible timetable
for commercialization of the Zn/Br2 battery is presented, which delineates
specific development targets and milestones.

1.1 Engineering of Advanced 20 kWh Design

During Phase I, a number of design concepts have coalesced.
These included the initial development of an extremely low-cost two-
piece unit cell (Section 11.7), tunnel shunt current protection (Sections
1.3 and IV.2), manifold flow distribution (Section IV.5.1) and a revised
production cost estimate (Section 1.2). With the new two-piece unit
cell, the cost of interior electrodes dropped to the point that the cost
of the "ends-of-the-stack," i.e., the current collectors, protective
electrodes, electrical and plumbing connections and multiple stack assembly,
became significant cost reduction targets. Calculations and data on
tunnel shunt current protection and manifold flow distribution allowed
larger numbers of cells to be placed in series. Easy scale-up of the
electrodes from 100 to 600 cm2 and their successfu·l demonstration in 3
kWh and 10 kWh units increased confidence in further electrode scale-
ups.

These inputs gave rise to a new two 4 stack 20 kWh design based
on the present electrode and electrolyte performance, but with electrode
area doubled to 12 dm2 and with each stack increased to 78 cells giving
a nominal 120 V discharge. This design is shown in Figure 1-1 and other­
wise resembles the earlier 20 kWh described in section 0.2.2. By reducing
"ends-of-the-stack " from the previous design, the advanced 20 kWh design
should be cheaper and faster to produce.

Initial scale-up studies on electrode flow distribution will
be part of Phase II. Final design of the optimized Phase III 20 kWh
deliverable will await the result of these scale-up studies. Meanwhile,
other program activities such as reservoir sizing, materials selection,
pump development, controller development and most other system parameter
modifications can procede unchanged because of the obvious similarities
between these two 20 kWh designs.

1.2 Costing of Advanced 20 kWh Design

Battery Costing Analysis

A study of direct factory costs to produce this advanced 20
kWh design was conducted at various production rates. The costing meth­
odologyassumed an assembly type operation where most of the components
would be purchased from outside vendors. Estimates of purchased components
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CELL CONSTRUCTION

Each Cell consists of one injection
molded plastic frame around a Darami c
insert and a carbon-plastic bipolar
electrode cD-€xtruded- with an insulating
plas tic top and bottom.

BATTERY CONSTRUCTION

Battery consists of two cell stacks of 78
cells each. Active electrode area l'
inches high x 163

/8 inches wide (180 sq.
in).

33 in.
I

I
I!

INNER TANK AND OIL SHIELD
REQUIRED FOR ELECTRIC
VEHICLE USE ONL Y

Fi gure 1-1 Advanced 20 kWh Des i gn
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are based on present quoted costs of machine and operator. Accessory
items~ not yet fully defined~ (pumps~ controllers etc.) are best esti­
mates. In-house factory labor estimates are based on station by station
time estimates as anticipated after the second or third year of opera­
tion~ when the problems of initial start-up have been solved. In-house
labor consists primarily of the assembly of battery stacks~ the attach­
ment of the stacks to the reservoir~ installation of accessories and
final testing of the assembled module.

The assembly plant approach has both advantages and disadvantages.
Quotes from experienced vendors are likely to be more reliable than in-
house estimates of component fabrication~ thus uncertainties in the cost
estimates are reduced. In limited production~ extensive use of outside
vendors is likely because this approach reduces capital and labor requirements
where full time production personnel are not required. Thus capital~

labor and space are required only for the final assembly.

However~ the "assembly plant" approach tends to be conserva­
tively high for large scale production estimates. Dependence on several
outside vendors would require higher inventories and more lead time for
coordinating production. In large scale production~ plastic fabrication
machinery (the largest capital expenditure) could be occupied full time.
TherE~fore a shift to total in-house production would undoubtedly reduce
cost~ by eliminating intermediate overhead and profits as well as inven­
tory requirements. Future studies will investigate a more integrated
in- house plastic fabrication approach.-

The term 'factory cost l includes most direct charges for assembly
of 20 kWh units. It includes required raw materials~ purchased components~

accessories~ direct labor costs~ worker benefits~ quality control and
supervision. It does not include indirect charges such as inventory
costs~ depreciation of plant and equipment~ working capital~ tooling~

sales and general administration costs~ development costs and return on
investment (ROI). Various estimates of these indirects were made~ incl~ding
the A. D. Little method. These costs are not included in this report
because of the differences arising out of the various methods of predicting
indirect costs.

An overview of the factory cost study for this 20 kWh battery
indicates the factory cost to be $28/kWh at a production rate of 100~OOO

units per year (1980 dollars). Various indirect costs as described
above need to be added to arrive at the selling price (OEM). Figure 1-2
is a 'pie chart ' cost breakdown showing the major costs such as purchased
stack and reservoir parts~ accessories~ electrolyte and in-house labor.
The low in-house labor percentage reflects the assembly plant viewpoint
since labor is required only for final assembly. Additional labor and
overhead are included in the cost of purchased components. A more com­
plete breakdown is shown in Table 1-1. Major cost items are the battery
stack components (bipolar electrodes~ separator assemblies and current
collectors) and the electrolyte. Detailed cost analysis of these and
other items can be found in Appendix 2.
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TABLE 1-1

TOTAL FACTORY COST*

20 KWH ZINC-BROMINE BATTERY
lOOK

Batteries/Year
ITEM OR ASSEMBLY

Bipolar Electrodes
Current Collectors
Separator Assembly
(Inc1. Outside Labor)
End-Support Block Assembly
Center-Support Blocks
(Incl. Outside Labor)
Reservoi r
Reservoir Tray

Battery Stacks - Total

Electrolyte Pump
Electrolyte Pump Motor
Isolating Drive System
Bromine Pump Head
Bromine Pump Motor
Pump Press Sensor
Electrolyte Level Sensor
State-of-Charge Sensor
Vo ltage Cut-out
Temperature Probes (3)
Electronic Circuit Board
Hydrogen Recombination
Plumbing &Fittings
Bus Bars - Tie Rods &Hardware

Batt. Access., Controls, Etc. - Total

Electrolyte

Packaging &External case
Materials - Total
In-House Labor
Factory Cost Total, $/Unit
Factory Cost Total, $/kWh

($ )

38.30
28.20
77 .44

10.52
10.36

8.59
2.95

176.36

24,'00
16.00
10.00
4.00
6.00
4.00
2.00
4.00
1.50
3.00

12.00
2.00

10.00
20.00

118.50

200.00

18.49

513.35
47.75

561. 10
28.05

*Excludes various indirect costs such as G & A, ROI, and cost of sales
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1.3 Design Concepts in Shunt Current Protection

The development of a novel technique for controlling the
effects of shunt currents in bipolar stacks was a major milestone in
Exxon circulating zinc-bromine battery. This new technique is called
shunt current protection. It uses auxiliary currents in the common
manifold or"tunnels" to voltaically nullify shunt currents.

Cell Stack Design Considerations

Bipolar vs. Monopolar

In addressing the development of a large zinc-bromine battery
at low cost. the desire to use conductive plastic components leads to an
important decision in terms of stack design. In earlier Zn/Br2 develop­
ment. both monopolar and bipolar designs were tested. These designs are
shown schematically in Figure 1-3. At the cell level. performance and
life of both designs were virtually identi.cal. However. the need for
implanting screens in monopolar electrodes was an added expense. In
contrast. bipolar electrodes offer a distinctively simpler and cheaper
stack design. In addition. the higher voltage of bipolar designs can be
interfaced economically with high voltage chargers and DC motors. By
comparison. monopola~ stack designs require the additional expense of
external bus bars to obtain equally high terminal voltages.

Shunt Current Considerations

Unfortunately. continuous cycling of bipolar stacks with a
common circulating electrolyte is plagued by parasitic (shunt) currents.
Shunt currents 'flow ' from the high potential regions to the low poten­
tial regions of the series of cells via the common electrolyte during
charg~. open circuit and discharge conditions. There are reduction
proce~ises at the high potential regions and oxidative processes at the
low potential regions. In the Zn/Br2 battery. these shunt currents
cause zinc to plate more rapidly near the manifold connections at the
negative end of the bipolar stack. As this zinc accumulates. it grows
into the electrolyte manifold. thereby disrupting normal electrolyte
distr~bution. Without stable circulation. the plating becomes non­
uniform. and the cell eventually fai ls.

Physics of Shunt Currents

Figure 1-4a and 4b show a simplified explanation of shunt
currents in a string of battery cells which are connected electrically
in series and fed by a single common electrolyte manifold. Ideally. any
currents passing into an end electrode pass equally through each elec­
trode in the series. However. the conductive electrolyte in the common
manifold forms an alternate pathway in parallel with the series-connected
cells. These parallel pathways allow a certain portion of the terminal
currents to bypass or shunt around the central electrodes in the series.
(Figure 1-5).
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Figure 1-4 Series Connected Cells with Common Electrolyte Manifold

.. , ~

Figure 1-5 Electrical Analog of Shunt Currents
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Early work on bipolar designs with short stacks showed that
the detrimental effects of non-uniform zinc growth due to shunt currents
could be avoided by cycling the battery with excess Br2 and completely
shorting the stack at the end of discharge. During shorting,. the excess
Br2 erased all stray zinc growth. Eight-cell bipolar stacks showed
stable operation over 100 cycles by using this shorting technique. How­
ever, this technique works best for small bipolar stacks and would pro­
bably be ineffective in larger stacks {30 or more cells in series),
where the magnitude of shunt currents becomes larger. Furthermore, the
complete shorting of a battery after a partial discharge is an inefficient
and impractical mode of operation. Since bipolar designs offer a number
of incentives, a large effort was directed to understanding and controlling
shunt currents. This effort led to developing a novel technique called
shunt current protection.

1.3.1 Manifold Shunt Current Protection

The following analysis of series connected cells with common
electrolyte shows methods of elimination of shunt currents and their
effects. The effects can be eliminated in One method of applying a
potential through the common electrolyte manifold. If the potential
gradient in the common electrolyte manifold equals the potential gradient
across the series of cells, there is no potential gradient between the
cells and the manifold and no shunt currents flow. In order to attain
this condition of potential gradient matching, a current must flow through
the manifold. The shunt current elimination by the passage of current
through the manifold is called manifold protection. The magnitude of
the manifold current, ko, as seen below, is defined as:

cell voltage ~
resistance of a manlfold segment

Another method of protection involves passage of a current
through interconnects between the channels which connect the manifold to
the cells. These interconnections are called tunnels and, thus, the
method is called tunnel protection.

1.3.2 Shunt Current Model Analysis

The lumped resistive equivalent circuit of series connected
cells with common electrolyte and the governing difference equations are
shown in Figure 1-6. Kirchoff's Law expressions can describe loop equations.
Difference equation analysis, described in Appendix 3 leads to the expressions
for the currents in various portions of the system shown in Figures 1-7
and 1-8.
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The values for the resistances:

Re = internal cell resistanc~ per manifold, ohms
Rc = ehannel resistance, ohms
Rm = manifold .segment resistan~e, ohms

can be determined from the geometry of the system and electrolyte conductivity.

These va 1ues are used to determi ne S and then A. The ce 11 open
circuit potential, Vo (volts), and the terminal system. current/per manifold
~I (amps) are specific operating parameters.

N is the number of cells in series. The value of the first
channel shunt current J = jl can then be determined from A, Nand (Vo +
IRe) .

The values of:

jn = nth channel shunt current
kn = nth manifold segement current
in = nth cell current per manifold

can be determined from J and the formulas in Figure 1-8.

Shunt Current Elimination Manifold Protection
,

The mathematical model leads to a ko current, inserted into
the manifold. The expression for the J current, Figure 1-8, involves a
minus koRm term. When the value forkoRm is equal to (Vo + IRe) then
the numerator of the J equation is zero, and there are no channel shunt
currents. Under these conditions, the following expressions hold, namely:

jn = 0 .
kn = ko
in = I

The shunt currents are thus eliminated when a current of value~

is passed through the manifold.

Ideally, the voltage drop, Vt, through the manifold from the first
to last cell is:

Vt = (N-l)(Vo + IRe)

In practical systems, currents approaching this value will effectively
eliminate problematic shunt current effects in a zinc-bromine battery
system. Shunt currents in practical size and voltage zinc-bromine bi­
polar batteries are mainly determined by the number of cells in series,
and the geometry of the electrolyte supply system. The effects are
larger with higher voltage systems (large N).
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1.3.3 Experimental Verification of Shunt Current Protection'

This theory was first verified with a network of nickel -cadmium
batteries and selected ceramic resistors (Figure 1-6). Measured currents
through the resistors in the unprotected system matched those computed
from the analytical shunt current formulas under charge, discharge, and
open circuit conditions. When the appropriate ko current was inserted
from a second power supply at the first Rc/Rm node, the currents in the
channels stopped.

Next, a simple H2/02 electrolyzer of ten cells in series with
a common 1 MKOH electrolyte was constructed of glass beakers and plastic
tubing, with 10 cm 2 Ni electrodes 4 cm apart (Figure 1-9). A clip-on
ammeter was used to measure the currents in the channels. When power
was applied to the terminals, H2/02 production was markedly less at the
center cells. Portions of the input terminal current, Sn, were being
shunted through the manifold and past the cells (Table 1-2). The center
cells received about 80% of the 124 mA input current. A second power
supply was then connected toNi electrodes in the manifold and various
protective currents were passed through the manifold. Gas production
from each cell became more uniform, and the shunt currents were markedly
reduced (Table 1-2).

A 12 V, 1 kWh Zn/Br2 batteryw~s constructed from eight mono­
polar substacks connected electrically in series, and supplied in parallel
by common anolyte and catholyte streams (Figure 1-10). Each substack
was comprised of 14 plates. 'Each side of a plate had 100 cm2 active
area.* Zinc plates were typical'ly charged to 60 mAh/cm2. The total
stack discharged at about 12 V, with a nominal capacity of about 1 kWh.

The four electrolyte manifolds created pathways for shunt
currents between the monopolar stacks. Branched channels on the mani­
folds wer~ sized so that ionic, shunt curre~ts could be measured directly
with a Hewlett-Packard-428B clip-on ammeter. Electrodes for passing the
protective current can be seen at the end nodes of each manifold. Shunt
currents in the branched channels were measured during charge, discharge,
and on open circuit, both with and without shunt current protection.

Figure 1-11 shows typical data for the four manifolds during a
charge cycle. 'Without protection, shunt currents in the branched channels
were positive at the positive, end of the stack, passed down the common
manifold, and re-entered the stack at the more negative end of the mani­
fold. When shunt current protection was applied, the current in each
branched channel was sfmultaneously nulled. Imperfections in the data
are due to either slight deviations in manifold geometry or to measure­
ment error limitations of the clip-on ammeter. The nulling applies
equally to all four manifolds. Equivalent behavior, with and without,
shunt current protection, was observed during discharge and OCV. This
series-connected monopolar battery was cycled with shunt current pro­
tection over the equivalent of 50 deep-discharge cycles, including a
sequence with 24 mathematically random discharge cycles. Battery per­
formance remained stable throughout the cycling period, showing an average
coulombic efficiency of about 85%.

*100 cm2 equals one square decimeter, 1 dm 2.
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Fi gure '1 -9 Shunt Current Protecti on on an Electro lys is Apparatus
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Design Tradeoff~ with Manifold Protection

Three important design aspects are critical for successful
implementation of shunt current prot~ction:

1. The end manifold node voltages must approximately equal stack voltage, NV c .
where Vc = Va + IRe

2. The common manifold cross-section must be kept small to increase Rm.

3. The manifold cross-section must be large enough for low pressure
circulation.

By generalizing figure 1-4 to any number (N) of cells in
series, the st~ck voltage will be NVc and the voltage between the end
nodes of each manifold will be (N-l)koRm, or (N-l)Vc . This is an im­
portant relationship for batteri~es with a large internal resistance,
where stack voltage can vary significantly between charge and discharge.
The Shunt Current Protection concept was defined in terms of ~he magnitude

of ko; i.e., ko =-!..f., so that the currents needed for protection must be
Rm

varied whenever cell voltages change, or whenever Rm changes because of
electrolyte resistivity changes (temperature and/or concentration).
This would be a messy control problem. However, if the protective elec­
trodes Can be run potentiostatically referenced to the stack voltage,
variations in kQ are automatically controlled. For the generalized case
of Figure I-4(c), described above, this means that Vt =(N-l)Vc ' The

-N-

simplest means for controlling the protective electrode voltages is to
simply connect the protective electrodes to the battery terminals via
appropriate dropping resistors. As long as N-l ~l, the voltage of the

-N- ....

protective electrodes will be roughly potentiostated versus the stack.
Whenever cell voltage changes, the protective electrode voltage will
track. If the electrolyte resistivity changes, the "potentiostated"
protective electrodes will simply pass more or less ko, as required. By
this technique, the control of ko is simplified.

Uncontrolled shunt currents cause a continuous parasitic dr~in

on series-connected batteries having common electrolyte. However, shunt
current protection represents a larger dissipation of power (N-l)kgRm,
or (N-l)V6/Rm, than uncontrolled shunt currents. Therefore, the power
consumed by shunt current protection must be kept acceptably small re­
lative to the battery discharge power and relative to unprotected shunt
currents. This me~ns that Rm must be as large as possible. For circular
common manifolds, Rm = 4p£/IT02, so that the power consumed for protectinq
a manifold (protective power) equals (N-l)VEn02. Figure 1-12 shows, con-

4p£ -

ceptually, how the protective power increases as 02. Clearly, minimizing
the protective power requires as small a common manifold diameter as
possible.
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..4(AP...,; D ,)

MINIMUM COMBINED
AUXILIARIES
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Figure 1-12 I~uxiliary Power Requirements
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Unfortunately, as the common manifold diameter decreases, the
pressure drop required to circulate the same amount of electrolyte grows
rapidly. Flow studies indicate that the pumping power for manifolds in
turbulent flow is approximately proportional to the inverse fourth power
of the diameter. This relationship is also plotted conceptually in
Figure 1-12. In a circulating electrolyte battery, both protective
power and pumping power represent auxiliary inefficiencies. Addition of
these inefficiencies, in Figure 1-12, shows that an optimum manifold
diameter will exist for any battery system that minimizes these auxili­
aries. Studies predict that this optimum will depend strongly on N, p,
and the electrolyte circulation rate. Successful implementation of
shunt-current protection requires that the combined auxiliary losses
represent an acceptable percentage of battery capacity relative to the
required mission.

The power requirements for manifold shunt current protection
are determined by the number of manifolds, M, resistance of a manifold
segement, Rm, and the number of cells in series, N.

Protective Power MN Vck o
= MN (Va + IRe )2/Rm

The power output/input of a self protected battery system is:

Power = MN(Vo + IRe)(I + ko)
= MN[(Vo + IRe)I + (Vo + IRe )2/RmJ

The power ratio is:

(V o + IRe)/Rm

I + (V o + IRe}/Rm

The percentage of power for manifold protection is thus greatly
influenced by both the resistance and geometry of the manifold and the
total stack current.

Protection Electrodes

Manifold shunt current protection requires the passage of
currents through the manifolds to provide a potential gradient. The
current insertion and recovery from the manifold requires oxidation and
reduction reactions at electrodes to convert from electronic to ionic
currents.

Electrode reactions with the zinc bromide electrolyte in the
battery manifolds could lead to zinc metal deposits at the reduction
electrode. However, if these electrodes are supplied with a bromine
rich electrolyte, the reduction reaction becomes bromine to bromide ion.
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This reaction provides a long term invariancy in the system. The bro­
mine rich electrolyte is supplied at the negative protective electrode
surface~ which is separatedfrbm the main electrolyte flow by a micro-
porous barrier or ion selective membrane. .

The protectio~ electrodes in the terminal end manifolds which
supply and remove electrolytes can most effectively be annular, with the
main electrolyte flow through this annulus. The electrodes in the terminal
end manifold which is dead ended in this region can be planar and perpendi­
cular to the manifold cross section.

"Ideally, the m~nifri1d protective electrodes should be 1.ocated
at the first and last manifold channel junctions. Location of the pro­
tective electrodes at regions removed from these ideal points requires
that the input voltage be boosted over that of the stack voltage for
ideal protection. The analysis of boost voltage is given in Appendix 5.

1.3.4 Tunnel Protection
Tunnel Interconnect Analysis

The power requirements for shunt current protection can be
reduced by the use of tunnel interconnects between the channels and
inserting and removing the protective current at the first and last
Channel/tunnel node (Figures 1-13 and 1-14). Current, to, entering the
system at the first tunnel channel node can divide with part, j, going
to the channel through resistance Rc , part t1, going through the tunnel
with resistance RT , and part 11, going to the cell through the channel
leg with resistancJ RL. If the resistance of RT1' (and subsequent tunnel
resistances) are chosen and designed such that tne voltage drop through
Rt , is equal to the voltage difference of the cells whose channels are
co~nected by the tunnel, there is no potential difference across RL1 and
RL2 and thus no shunt currents. Thus: ·

Vo + IRe = t1RT1 = tmRTm = t n/2 RTN/2

Under these conditions, the tunnel insert current divides only
into two parts, current in the tunnels and current in the channels, and
thus the manifold.

The formulas for computation of the resistance values are
derived iri detail in Appendix 5. The nomenclature is the same as de­
fined above. Tunnel current for N cells in series (with ko = 0) is:
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where AI

with c = 2 + Rm/Re

+ A')
and Vo + IRe - koRmJ I = ----'='------'::........:..:'----- _

Rm + Rc (A' - 1) (A,N-l
( A' N - A I )

The limiting condition of input tunnel current occurs when the
center tunnel res~stance RTN/2 is infinite. When RTN/2is infinite the
fraction 1/RTN/2 1S zero.

The value of the expression:

is )es5 than 1, particularly when A and N are small.

is met,
The value for to is less than ko whenever the following condition

namely: r, -
Rm < RTN/2~-(AN/2_1 )2/(1.. N + l)J

-,

The value of the individual resistance of tunnels can be computed from
the formula:

1y'N-n + ,'n _ ,'N/2 + ....-n-----'--
1\ 1\ 1\ "TN/2

Rm (A I N+ 1)

When RTNI? is infinite, there is a decided "taper" to the values of the
resistante of the tunnel. When the value of RTN/2 is finite, the "taper"
is reduced. When the value of RTNl? is sufficiently small, the tunnel
resistances approach a constant va'IOe, i.e., RTN/2'

Protective Power For Tunnels

The protective power requirement for the tunnel case is the
stack voltage minus one cell's voltage times the tu~nel current:

Tunnel Protective Power = (N-l)(Vo + IRe )2 ~AN/2_l)2 + 1 J
. L(AN + l)Rm RTN/2

The manifold protection power 1S:
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Thus, the tunnel protective power is less than the power for manifold
protection in so much as: /

1+--
RTN/2

In the limiting case, the tunnel protective power approaches that which
would have been dissipated in the unprotected case.

Hydraulic/Electrolytic Deco~pling

The use of tunnel protection allows a decoupling of design
constraints on hydraulic and electrolytic systems. In the manifold
protection case the protective current is determined by the resistance
of the manifold. This, in turn, is governed by the desire to have the
pressure drop controlled by channel resistance and not by manifold hydraulics.

Tunnel protection allows manifold resistance, and thus manifold
diameter, to vary greatly without unduly influencing the tunnel protec­
tive current. This is shown in the following example. Consider two
cell :.ystems with the following parameters, namely:

VI) = 1.75 volts
I = 0
Re = 0.03 ohms
Rc = 6000 ohms
Rm = 5 and 10 ohms
N - = ~2

The calculated protective currents for manifold and tunnel protection
for tl~se systems are:

Rm ko to (tN/2 = 0)
ohms ·amps amps
5 0.35 0.0798
10 0.175 0.0668

Thus lowering the manifold resistance by a factor of 2, (increasing the
diameter by 40%) the manifold protective power would increase by 100%.
The tunnel protective power, however, would increase by only 19%.

The tunnel protective power is 23 to 38% of the power for
either manifold case. Tunnel shunt current protection allows the bat­
tery system designer considerable freedom. The hydraulics and the
electrical factors are effectively decoupled. Pumping and protection
auxiliary power can be optimized at lower summation power requirements.



- 47 -

1.4 Design Concepts for Safety

Safety is always a concern in the design of a battery system.
By definition, a secondary battery is a receiver of energy, a storer of
energy and finally, .a deliverer of energy. The energy is stored in the
form of ~hemical reactqnts. They must be kept separated to prevent
unwanted ~elease of energy. '

Bromine Complex Storage

The charged zinc-bromine battery stores the zinc within the
cells and the bromine as a complex in the exterior catholyte reservoir.
During stand-by conditions the battery reactants are thus physically
separated. During discharge only a small fraction of the bromine capa­
city is circulated through the system and even a smaller fraction is
within the actual battery cells. This approach prevents the spontaneous
release of stored energy because of internal short circuits, electrode
spacing changes, etc., which can occur in conventional batteries.

The battery design is shown in Figures 0-1 and 0-4. The bro­
mine complex is stored within the aqueous catholyte res~rvoir. Separate
internal compartments can also be used within this reservoir. The cath­
olyte reservoir, in turn, can be nested within the anolyte reservoir. A
puncture would have to penetrate three walls in this case to gain access
to the stored bromine complex.

Bromine Complex

The bromine complex ;s an association of quaternary ammonium
cation with bromine polyhalide:

Such complexes are described in detail in a recent paper by D. Eustace
(10). They have low aqueous solubility and separate from the aqueous
electrolyte as a second phase. The aqueous solubility of bromine is
reduced an order of magnitude or more by this process .(above equation).
Correspondingly the vapor pressure of bromine is markedly reduced.

The vapor pressures of bromine over some quaternary ammonium
bromine complexes at a stoichiometry of two bromines per quaternary
amine (nominally 50% state-of-charge (SOC)) are shown in Figure 1-15.
N-methyl-n-ethyl morpholinium bromide (MEMBr) is the quaternary used in
the majority of our past work. The bromine vapor pressure at ambient
temperature over the MEMBr complex is 10 mm Hg. This compares to 200 mm
Hg for bromine, a 95% reduction. These data were taken from a study of
hazards in zinc-halogen batteries by Factory Mutual Incorporated, Norwood
Massachusetts. The Factory Mutual research was supported by DOE Contracts
EM-78-C-02-5088 and DE-AC02-79ET25110, and a series of EPRI contracts.
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The low vapor pressure of the complex is not the whole story.
As bromine vapor leaves the surface of the liquid bromine complex, the
bromine to quaternary ratio is reduced. The lower this ratio, the lower
the vapor pressure. The vaporization of bromine thus causes a quenching
or extinquishing effect. A skin or "crust" of low bromine content ma­
terial forms on the surface sealing the remainder. The bulk bromine
complex is more dense, so the surface layer is only slowly renewed by
diffusion. If the bromine depleted surface is punctured or mechanically
broken, there is a release of bromine from the now higher bromine con­
tent area until a new "crust" is formed. The bromine complex is thus
self sealing.

The vaporization of bromine requires the input of thermal
energy. Normally, in the battery, the complex is at or slightly above
ambient temperature. There is thus only a small thermal driving force
from the surroundings for vaporization.

As part of the ongoing evaluation of bromine complexes, samples
of representative mixtures of bromine and complexing agents were submitted
to Hazards Research Corporation (HRC), Rockaway, New Jersey for hazards
analysis. A report of their investigation (HRC477l) entitled, "Reactivity
of Bromine Bromide Complex", and having to do with impact sensitivity,
auto-ignition, deflagration, and flash point (TAG) studies was returned
in December, 1980.

Hazards Research Corporation found that the material was basically
unresponsive in all of these tests. Impact sensitivity results were
analogous to that of water. Auto-ignition did not take place in 6 trials
at heating to 5000 C. No flash was observed to l25 0 C at which point the
vapors from the complex extinguished the pilot flame. No propagation
was observed in the deflagration tests, although the squib triggering
did cause some thermal decomposition.

Hydrogen

Small amounts of hydrogen are produced in the battery system.
The effect on battery capacity is correspondingly very small. It can be
removed by recombination with bromine, (See Section IV.4). In the gas
spaces within the battery system, there is little or no oxygen. Any
oxygen in the gas space from the presence of air during assembly and
filling will equilibrate with the electrolyte and be circulated into the
cells. Here it will quickly react with freshly deposited zinc metal
surfaces. The gas phase is thus rapidly reduced to nitrogen. The bro­
mine vapor in the gas space is low because of bromine complexation (see
above). The gas phase in the normal zinc-bromine battery system is thus
nitrogen with small amounts of hydrogen and bromine. Homogenous gas
phase reaction of dilute hydrogen and bromine is not favored, kinetically.

The normal zinc-bromine battery system is enclosed to prevent
the escape of the small amount of bromine vapor present, since it would
have to be replaced to provide for long term operation of the battery.
Any puncture of the enclosure into a gas phase region could release some
of the gas, which in a normal operating battery would consist of nitrogen
with a little bromine vapor and the small amount of hydrogen which had
not yet been recombined. Hydrogen is thus a comparatively minor safety
problem.
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l.5 Projected Development Plan

A technical development plan has been prepared for Exxon's
Zn/Br2 flowing electrolyte battery technology. Key technical goals and
resources (people, equipment, and time) needed .to accomplish these goals
are specified. The plan serves as a guideline against which program
progress is evaluated. This effort was internally funded by Exxon.

Figure l-16 shows the overall schedule projected for the
Zn/Br2 product development program which allows a 1990 commercialization.
Commercialization is defined as the capability to produce 25,000-100,000
full scale 20 kWh batteries per year. The program consists of the fol­
lowing phases: (1) Advanced Engineering Development, (2) Prototype De­
velopment, and (3) Product Development. Phases 1 and 2 are to be carried
out in parallel through 1981-1985, with pilot production capability
(1,000 units/year) by 1987-88.
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II. Manufacturing Development

Introduction

Unlike many battery systems where cells and small batteries
can be developed and tested in glassware, the flowing Zn/Br2 battery has
required from its inception hardware and materials that were similar to
the projected final product. Early in the project, Exxon made the philo­
sophical decision to design components such that high volume production
techniques could be directly applicable. This meant that when parts
were not currently available commercially, a significant effort was made
to develop extrusion, compression molding, and/or injection molding
capabilities for making these parts. Especially with respect to the
components associated with the battery stack, high and uniform tolerances
around the periphery of the parts were needed to avoid leakage and to
give uniform flow rates and distr~bution, from cell to cell, and within
a given cell. Also, to maintain uniform flow, planar electrodes were
required. While 100 cm2 parts were being utilized, these criteria could
all be sufficiently met with compression molded parts. However, with
the scale-up to 600 cm2 parts early in the Phase I contract, a new fabri­
cation technique had to be developed - namely injection molding.

At the start of Phase I, the state-of~the-art unit cell incor­
porated in Battery X-3A, shown in Figure 11-1, consisted of a bipolar
electrode and two flow fram~s which wer~ each c6mpression molded with
poor tolerances. An expensive ion-selective membrane and two polypro­
pylene screens were used for separation and internal support. These
parts, the cells, were all held together with internal stainless steel

- bolts, making assembly both tedious and time consuming~

The current "state-of-the-art" unit cell, found in the X-10
battery is shown in Figure 11-2. The three individually compression
molded electrode and two flow frames found in X-3A are now a one piece
insert injection molded part of high tolerances. The ion-selective
membrane has been replaced by an inexpensive, commercially available
microporous (Oaramic) separator. The two polypropylene spacers are
present to match the half cell thickness to the polypropylene screen
thickness. The assembly of battery stacks now utilizes external bolting
which greatly speeds up the assembly process.

11.1 Carbon Plastic Processing

At the heart of the zinc~bromine battery-being developed at
Exxon is the carbon plastic electrode which is inexpensive; stable to
the chemicals involved, .and relatively easy to fabricate using com­
mercially available processing techniques. The fabrication of carbon
plastic begins with compounding in a Banbury mixer of highly conductive
carbon and a po1yo1efin plastic. The quantities of each is determined
such as to give a final product with a resistivity of less than 5 ohm­
em, when measured through the thickness of an extruded sheet. The choice
of polyo1efin is determined by the desire to have a rigid, non-brittle,
extrudab1e product.



- 53 -

Figure 11-1 X-3A Battery - Unit Cell
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Figure 11-2 X-10 Battery - Unit Cell



- 55-

The compounding of the carbon and the plastic is relatively
straightforward once the proper batch size has been determined. Care
must be taken to avoid degrading the polyolefins by exposing them to
excessive temperatures. When the compounding is complete the carbon
plastic must be milled and diced suitably for extrusion, prior to its
cooling. otherwise it becomes unworkable. Normal quality control at
this point involves measuring resistivity on a pre~s out. analyzing
carbon loading and checking for uniform dispersal ..

Extrusion of the diced pellets into a flat sheet. normally
10-30 mils in thickness. is the next operation. While this extrusion
is fairly routine. the back-pressures involved in extruding the highly
loaded carbon plastic can be very large. As a result. care must be
practiced in selecting both machine and die. Normal procedure requires
two passes through the extruder in order to obtain uniform carbon dispersion.
The use of a spaghetti die with a chopper downstream. works well for
the first pass. Quality control entails dimensional checks and conductivity
measurements. Also life tests in bromine electrolyte as described
in Section IV can be made., if desired.

1I.2 Cathode "Catalytic" Layer

In order to avoid polarization problems at the cathode. it
is necessary to provide a higher surface area than is attainable with
extruded carbon plastic. Zinc plating and stripping shows very -high
exchange currents and almost no activation polarization is observed
for the zinc on carbon plastlc. Bromine electrochemistry on carbon
shows more limited exchange currents. Br2 can be oxidized and reduced
directly on the carbon plastic. Large activation potentials are. however.­
required for both charge (-200-400 mV for Br2 evolution) and discharge
(-400-800 mV for Br2 consumption). These polarizations could lead
to very poor voltaic efficiency.

Surface area measurements of the carbon plastic biQolar using
the BET method show limited surface roughness (50-100 cm2/cm~). Further­
more. much of this surface area may be electrochemically inactive because
of tortuous conductive and diffusive pathways. Application of higher
surface area carbons to the bipolar carbon plastic increases the apparent
roughness of the surface, effectively catalyzing the surface for electro­
chemical reactions. After the proper application of high surface carbons.
carbon plastic electrodes show virtually reversible bromine electrochemistry.
Battery performance with the properly activated cathode catalytic
layers show high voltaic efficiencies where the only significant voltaic
polarization is from internal resistance.

11.3 Insert Injection Molding

The ability of the project to remain on schedule and the
steady improvement in battery quality is due. in large part. to our
successful injection molding efforts. Prior to the availability of parts by
this process. it was necessary to compression mold two flow frames and a
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bipolar electrode for each cel,l.· These parts had variations in thick­
ness, + 4 mils each, such that leakage in batteries was a constant pro­
blem. -The compression molding operation was also slow enough that the
project was frequently parts limited.

With the insert-injection molded electrodes, the three compres­
sion molded parts have been combined into one piece. Thickness tolerances
are wi thi n + 1 mi 1 around the' peri phery of the part, and electro lyte
leakage in batteries has diminished to the extent that the number of
required tie rod bolts has been reduced. Also the significant reduction
in labor per unit cell has allowed us to fabricate additional batteries
and work on other problems.

The molding operation is performed under contract by an out­
side "job" shop on a 350,ton .Ingersoll Rand machine. During initial
testing a variety of filled and unfilled plastics were examined. A
filled polypropylene was selected finally, as its mold shrinkage char­
,acteristics gave minimal part warpage. Also, during these initial
trials, the runners and gates were both enlarged and relocated to yield
the part shown in Figure 11-3. This was needed to provide adequate
fill, especially in the flow distribution areas. The "dog-ears" visible
alon9 either side of the electrode were added to increase the strength
of the parting line.

The actual molding nperation entails having the operator care­
fully align the pre-cut carbon plastic insert with its hot pressed "cat­
alytic" layer. This alignment is aided by a locating device which mounts
on pins in the mold. The insert is then held in place with vacuum and
the plastic framing material is injected around it. The entire process,
including cutting off the runners, requires just under 2 minutes. The
molder feels that this number can be improved on by automating the align­
ment and by using multiple cavity molds.

For quality control, parts from the injection molder are checked
for tolerances and for the soundness of the insert to frame bond. Seven
electrodes from any given molding run are also made into an eight cell
parametric battery and tested for such things as polarizations and uni­
formity of zinc plating.

II.4 Separator

During thi·s. contract, the battery separator of choice has
shifted from ion selective membranes, originally P-l0l0 made by RAI·
Inc., to microporous membranes, such as Daramic made by W. R. Grace Co.
Daramic is a low cost, durable, commercially available, microporous
membrane. It is a filled polyolefin which is processed into its final
geometry by conventional extrusion techniques. Table 11-1 compares
P1010 and Daramic.
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Table II-l

P1010 vs. Daramic

Type

Typical battery.
coulombic efficiency

Typi ca 1 battery
voltaic efficiency

$/sq. ft.
Ease of handling

Commercial
avai 1abi 1ity

PlOlO

Ion-Selective

85-90%

85%
2-5

Diffi cu It
(Must be kept wet)

Limited Capacity

Daramic

Microporous

80% with additives

85%
.0.10-0.12

Easy
(Dry)

Yes

As can be seen the switch to Daramic has resulted in signifi­
cantly 10\'/er cost. It is much easier to handle in processing as it is
not prone to tearing or puncturing. The Daramic does have to be washed
free of an oil residue resulting from its extrusion. This is done with
multiple acetone washings.

There are some penalties experienced in the material switch.
The battery stack thickness has been increased about 22 mi ls/cell. The
coulombic efficiencies have decreased slightly due to the greater trans­
port of BrZ across the separator (Section IV gives details). The slight
loss in voltaic efficiency is due to the increased cell resistance caused
by the wider intercellular spacings.

An additional advantage to the extrudable Daramic. material is
that virtually any profile desired can be manufactured. This feature is
used to advantage by having a series of posts profiled on each surface
(See Figure 11-4). These posts, which line up with each other from
side to side, provide both structural strength and intercellular spacing.
With the addition of the posts, it is no longer necessary to use polypro­
pylene screens which mask a greater electrode surface area ( 15-20%),
are difficult to assemble in the stack, and tend to entrap any gas bubbles
which may be present.

11.5 Two Piece Unit Cell

In order to continue the simplification of the zinc-bromine
battery unit cell several projects are underway. The goal of these
projects is a unit cell that is simple to manufacture. To attain this
goal we envision a unit cell consisting of a framed bipolar electrode,
and an insert injection molded microporous separator which contains
molded-on posts for half cell spacing and support. These two parts are
illustrated in Figure 11-5.
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Figure 11-5 Envisioned Electrode/Separator with Molded Posts
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The framed bipolar electrode will be a co-extrusion of carbon
plastic and non-conductive polyolefin on each side as illustrated in
Figure 11-5. A die for this extrusion has been constructed and preliminary
tests are encouraging. The first full test is scheduled during Phase II
of this project. The "catalytic" layer will be applied onto one side of
the carbon plastic. The only other operation is that of punching out the
final part.

The insert injection molded microporous separator will be fab­
ricated in a manner strictly analogous to the currently injection molded
electrodes. The support posts on the separator are formed when that
material is extruded. Preliminary results show that framing of the
separator rather than the carbon plastic electrode will have several
advantages. The insert to frame seals will be stronger. The flow dis­
tribution part of the frame will be facing away from the microporous
membrane helping to minimize crossflow. The microporous membrane will

'no longer extend to the edge of the battery module where leakage is
possible.

With the development of th~se two components, a co-extruded
bipolar electrode and an insert injection molded separator, manufactur~

ing of the battery module is reduc~d to operations already well developed
within the plastics industry. The actual assembly is conceptually two
stack feeders which alternately feed each of these components into a
properly aligned stack. This stack can be held together by a combination
of heat sealed edges and straps and/or tie rod bolts to maintain compression.
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III. Assemblx~nd:T~st{ng cif;~ar~e. Batteries

I1Ll 3 kWh (X-3) Submodules

Several 3 kWh (X-3) submodules were assembled and tested prior
to fabrication, assembly and testing, of battery X-IO. The X-3 battery
modules were 52-cell,bipolar ,staCks. Capacity ratin'g.of 3.25 kWh was
based on 90 mAh/cm2 zinc loading, 80% coulombi\=effici,ency" and an average
discharge volta~e of 1.50 V percell. ' " '

111.1.1 Components

Each X-3 modu le was cOll1pri sed of 51. bi po'l pr electrodes and two
(2) current collectors, one positive and one negative,; located, at oppo:­
site ends of the stack. The current collectors' provided the means for
external electrical control. Active electrode area was 600 cm2. In
addition, there were 52 separator~, 104 flow frames, (a later design with
injectiOn molded electrodes elimin~~eds~parate flow framesJ~ and 104 I,

, _.' • " \ J' , _ •

spacers in each 52-cell modUle., Thus, ttie average,unj.~ cell consisted
of one bipolar electrode, one 'separator,' two flqw frames and two spacers.
Vexar, an extruded po 1YO lefi n mesh made by Dupont ,was used as the spacer
to provide the requireq gap between the e)eetrode surface and se,parator
material. These components are sho.wn,in Figuf.eIII-1A. '

The electrode stack was constrained by two (2) 1 in. thick
polypropylene feed blocks which served as an entry and exit for circulating
electrolyte through the battery module. The assembly was clamped filter
press style with aluminum end plates, making it leak tight. Such a
battery assembly is shown in Figure III-lB.

The first of these battery modules, X-3A, was assembled with
compression molded electrodes and P-1010, a 0.001 in. cation permeable
separator material made by RAI Inc. Battery module X-3B was identical
to X-3A, except that the Br2 reducing shunt current protective electrodes
were of an improved design, and the primary objective here was to test
the effectiveness of the new electrode design (This will be discussed in
the next section).

Module X-3C, also a 52-cell bipolar battery was assembled with
compression molded electrodes and Daramic separators, a 0.024 in. thick
microporous material made by W. R. Grace for the lead-acid industry.
This separator material had been successfully pretested in a smaller, 12
V battery. The objective of X-3C was to verify performance with Daramic
on a larger scale before freezing the X-10 design.

111.1.2 Special Design Considerations

Earlier development testing had been done at the 12 V (8-cell)
bipolar battery level, and in scaling up from 8 cells to 52 cells, a
number of factors had to be considered. The X-3 test station represented
a 6 1/2 fold increase in size. Accordingly, electrolyte volume, pumping
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Figure III-1A Battery Module X-3A Components

., ";"'1'
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Figure III-1B Battery Module X-3A
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rates, and electrolyte feed lines were increased proportionately over
the values used for the 12 V systems. For example, electrolyte volume
was increased from 4 1 to 26 1, pumping rate was increased from 1.2
l/min to 7.8 l/min and the internal feed lines were increased to 3/4 in.
1.0. The layout of the component parts was such as to make them readily
accessible. .

The most significant factor in scaling up from 12 V (8 cells)
to 80 V (52 cells) was the added requirement of shunt current protection
for the higher voltage battery. As discussed in Section 1.3, multicell
batteries with one or more common electrolyte manifolds, give rise to
shunt curr€nts with undesirable effects. In our 12 V system, the magnitude
of these shunt currents was such as to permit operation during the course
of an 8 hour day without deleterious effects. (A fully charged 12 V
battery left on open circuit for 14 hours develops shunt current driven
zinc growths in the manifold which affect battery voltage). However,
with the higher voltage battery, operation could not be undertaken without
shunt current protection. In our scheme, this was accomplished by imposing
a nulling voltage signal in the manifold. This gave rise to oxidation
on the bromine electrode side of the manifold and to reduction at the
other end. The oxidation reaction was satisfied by allowing Br- to form
Br2, with the Br- being supplied by the electrolyte. To satisfy the
reduction reaction, and avoid zinc deposition, Br2 was supplied and Br-
was formed as part of the system. Supplying Br2 to the protective electrodes
on the zinc side of the battery was a demanding task. In module X-3A, .
this was accomplished by mounting the protective electrodes externally
on the zinc electrode feed block. While this approach was effective (as
evidenced by the 100+ cycles that were run), the protective power requirement
was high due to the added 20-30 V drop in the external electrodes. This
approach was modified in module X-3B whete the protective electrodes
were redesigned so as to be located inside the feed block. This design
modification placed the protective electrodes in closer proximity to the
battery anode, greatly reducing the protective power requirements. The
success of this approach was demonstrated by testing X-3B for 29 deep
charge-discharge cycles.

Module X-3C was identical to X-3B in construction except for
the separator material used. Here the ion selective membrane was re­
placed with the microporous separator material. Several charge-discharge
cycles indicated performance comparable to that observed on the 12 V
units, where the microporous material had been extensively evaluated.

111.1.3 Cycling Regime

Battery performance evaluation consisted primarily of a re­
petitive charge-discharge cycling routine. Charging was done at rates
of 5.8A to 11.6A (10-20 mA/cm2) for a sufficient time to obtain a de­
sired Ah input. Discharging was done at rates up to 17.4A (30 mA/cm2),
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usually to a 1.OV/cell cutoff. Higher discharge rates were also used.
However, these were of shorter duration - a few minutes at most. The
higher discharge rates were used to test the battery system's high rate
capability, to generate polarization and power data, and to pulse the
battery to simulate peak power demand. The following section presents
the performance characteristics of the X-3 modules.

111.1.4 Performance Characteristics

~igure 111-2 is a voltage plot of a charge-discharge cycle, in
which the battery was charged at 11. 6A for 4 hours (80 mAh/cm2 Zn load­
ing) and discharged at a constant load at approximately the same rate.
Capacity input was 4.6 kWh with a material utilization of 71.5% based on
the total amount of ZnBr2 in the system. Coulombic efficiency was 77%
with a 65% energy efficiency.

Figure 111-3 shows a polarization curve for module X-3A at
discharge rates that ranged between l7.4A (30 mA/cm2) and 53A (91 mA/cm2).
The slope of the line is 0.42 ohms, and the linearity of the data suggests
that the voltage loss was predominantly ohmic. Evidently, our pumping
rate (25 ml/min-cm2) will sustain these high currents for short periods
(20-30 sec). Longer duration high current pulses may be expected to
produce polarization losses, unless the pumping rate is increased.' Fig­
ure 111-3 also shows the corresponding power output. At the maximum
current drawn, power output was 3.6 kW, somewhat higher than the 1 hour
discharge rate .

. _ The high rate pulse discharge capability of the battery over
its useful capacity range was also tested .. Her~ high current pulses
(46:6A avg.) of 15.20 seconds duration were1superimposed at 3-4 minute
intervals while the battery was discharging at 17.4A. These results are
shown in Figure 111-4, where the average battery voltage during the high
current drain was plotted as a function of state-of-charge (zero %S.O.C.
represents battery capacity exhaustion). These tests indicated-that the
battery delivered an average power pulse of 3.32 kW (11W/cm2) at a current
density of 80.3 mA/cm2. .

Figure 111-5 summarizes the cycle life da~a of module X-3A.
Here coulombi.c efficiency was plotted as a function of cycle number.
Coulombic efficiency was used as a figure of merit because voltaic efficiency
remained relatively constant. For the 100 cycles, the average energy
efficiency was 70% (83% coulombic and 85% voltaic efficiency).

The plot shows a gradual loss in coulombic efficiency on cycling.
This is believed to be due to loss in membrane selectivity with time.
Similar data with a microporous separator showed- that coulombic efficiency
remained constant on cycling, as will be . shown later (see Section IV.1.2).
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As indicated earlier, module X-3B was assembled with more
energy-efficient shunt current protective (llinternal") electrodes, and a
primary objective here was to test their effectiveness. The test regime
included 29 charge-discharge cycles at rates that ranged between 5.8A­
11.6A, and zinc loadings of 50-82 mAh/cm 2.

These tests led to the following observations, namely:

1. The "internal" protective electrodes showed good, stable and repro­
ducible performance on battery cycling. Their effectiveness was
also successfully demonstrated on a charged overnight stand. The
overnight capacity loss indicated a 0.5 mA/cm2 self-discharge rate
in the fully charged state under the prevailing experimental con­
dit ions.

2. Coulombic efficiency (80-81%) was lower than that observed for module
X-3A (86-88%) due to electrolyte cross-flow. On disassembly, 19 of
the 52 P-1010 separators were found to leak to varying degrees under
a 6 psi pressure differential. This problem developed, most probably,
during assembly and is believed to be due to a mismatch between the
Vexar spacer and flow frame dimensions. Since the compression molded
electrodes with the separate flow frames were subsequently replaced
by injection molded electrodes, with the flow channels being an
integral part of the electrode frame, this problem has been eliminated.

, ,

111.2 X-10 Battery System

The X-10 test unit was an 80V (52-Cell), 10 kWh bip6lar bat­
tery system. Its capacity rating was based on the same criteria used to
rate the X-3 modules, as described above. In fact, X-10 consisted of
three (3) X-3 modules connected in parallel electrically, as well as
hydraulically. The test objectives were to demonstrate the zinc-bromine
system on an increasingly larger scale, to look for scale-sensitive
operating parameters, and to look for potential problems which might be
associated with operating large, individual batteries in parallel.

111.2.1 Components

The components used in assembling X-10 were identical to those
used in the assembly of X-3 modules, excepting the bipolar electrodes.
X-3 modules were assembled with compression molded electrodes, while X­
10 was assembled using injection molded ones. Active area dimensions
were identical for the two electrode types. However, the compression
molded parts required the use of two (2) separate flow frames (one on
either side of the electrode) where those made by injection molding were
of a unitized design. The flow channels were molded into the frame,
making them an integral part of the electrode. This reduced the part
count of the average cell to one electrode, one separator and two Vexar
spacers. An added advantage of the newer type electrode was its improved
dimensional uniformity, which eliminated tolerance buildup problems we
had experienced with the X-3 module. The current collectors and feed
blocks were identical to those used in X-3 modules.
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111.2.2 Special Design Considerations

Figure 111-6 is a sketch of theX-10 battery system. It shows
three X-3 modules bolted to a master feed block, with the battery module
assembly resting on top of the electrolyte. reservoir. The reservoir was
a rectangular polypropylene tank and contained a total of 781 of electrolyte.
It was partitioned inside to separate ano1yte from catho1yte. Electrolyte
was circu1ated.by means of two AC motor driven, magnetically coupled
centrifugal pumps through 1 in. 1.0. rigid PVC piping. Two throttling
valves located near the pump outlets were used to :adjust and to .contro1
the 22 11min flow rate; Flow meter~ located inside the PVC piping provided
visual indication of the flow rates. A 4~way 0a1ve in the catho1yte
line facilitated initial fillihg and, when needed, gas expulsion. The
electrolyte was fed into the master .feed block which had machined ~ain

distribution channels, designed to distribute the incoming electrolyte
stream evenly among the three modules. Similarly, electrolyte from the
exit manifolds was channeled into a single stream for return to .the

• . . . . I ' ,

reservo.lr .

,Shunt current protection eiectrodes'were of the ."internaP typ~,
as descriQed earlier. A small constant displacement, pump was used .to .
supply the required Br2 complex. Bromine feed lines were initially in
parallel configuration. However, the low flow rate used occaSsi6nally
caused severemaldistribution. Connecting thelines~n series proved to
bea more satisfactory arrangement. (The amQunt.of B~2 needed to keep
Zn from depositing in the manifold is less than 2 g/h, which requires a
very low feed rate).

Waste heat generation was also considered, and proje~tions

based on our experience with the X-3 modules dictated some active form
of heat removal. According1y,a small water.,.coo1ed heat exchanger was
included in the ano1yte tank. Because X-10 was the largest circulating.
zinc-bromine bipolar battery assembled foi testing to date, th~system

was extensively instrumented for performance,monitoring. ' In addition to
battery voltage and current" individual cell voltage probes were,in- .
eluded in each of th~ stacks. Individual manifold voltages (t6 regulate'
the shunt current protection power), current'distributionamong the
individual battery modules, and electrolyte flow rates and temperature
were also monitored. ,For the voltage probes, approximat~ly 1/16 in. xl
in. pieces. of 0.001 in. platinum foil were used. Platinum voltage probes
had been used extensively oh ~mal1~r b~tteries 0ith no aPRarent ill
effects. In this case,however, they proved to be troublesome; as will
be discussed later.

111.2.3 Cycling Regime

Four X-3 modules were assembled for the X-10 unit, with orie
module serving as a backup. Each module was pretested individually
to ascertain 'that it functioned normally. The tests consisted of several
(5-8) charge-discharge ,cycles at current densities of :lO-20mA/cm2.
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Several discharges were carried out at varying rates to generate polari­
zation and power curves for each of the modules. Two molar ZnBr2 elec­
trolyte was used to pretest the modules, and the same 27 1 of solution
was used for each of the modules. Following these preliminary tests,
each module was rinsed with 1 MKBr solution, followed by two rinses
with de-ionized water. The modules were stored in a wet condition while
awaiting assembly of the -X-10 unit. Testing of X-lO consisted of a
repetitive charge-discharge cycling routine, using 78 1 of standard
electrolyte (3 M Zn/Br2 - 1 M Br2 complexerY. Charging ~urrent ranged
from 26. lA to 43.5A (34.8A predominantly) for a sufficient time to achieve
the desired input. Discharge was at the' same rate to 50V ( lV/cell).
At the 50V mark, the djschar~~ 'current was reduced to 10-15A to bring
the batt~ry voltQ~e to, zeta ,b,gfllre overnight shOrting.

III.2.4 X-:- 10 Battery P,erfo;inance'Characteristics

FigJres 111-7, III-8, and 1II-9 are polarization and power
curves for X-lO modules A, Band C. The slopes of the lines are 5.5,
4.8 and 6.3 ohm..,~cm2, respectiveJy. The spread in these values is greater
than that sugg~~ted by the o~served c~rrent distribution am6ng the three
modules when operated in parallel as a single battery. Evidently, at
the time the V vs I curves (Figures 111-7 - III-9) were generated, differences
in electrolyte conductivity mus~ have existed (due to differences in
concentration at varying states'of charge), which account for the spread
in the internal resistance values. The performance of the individual
stacks, however, was sufficiently uniform to go ah~ad with the assembly
of X-lO.

Cycle testing of X-10 started off in routine fashion. Charging
and discharging were done at 34.8A (20 mA/cm2) with charge times in­
creased from 2 hrs for the fi rst Jew cyc les to 3-4 hrs. A 3 hr charge
at 34.8A represented a 10 kWh input at a 60 mAh/cm 2 zinc loading. Tem­
perature rise of the electrolyte, measured in the reservoir, averaged
approximately 200 over the initial value at the end of the discharge
cycle, This was remarkably clpse';to the thermal behavior observed on
individual X-3 modules. A voltage plot for such a cycle is shown in
Figure 111-10. Here, coulombic efficiency was 71%, and voltaic effic­
iency was 85%. Such performance was typical for 30 cycles, as shown in
Figure 111-11, where coulombic effici'encyvs cycle number was plotted.
The values (average 70.2%),'while consistent, are 10% lower than antici­
pated, based on performance results obtained on X-3 and 500 Wh (12V)
modules. The caui~ of the lower efficiency was a cross-flow condition
in the X-10 feed block, under which 'some catholyte seeped into the anolyte
stream. Bromine complex'in' the anolyte reduces coulombic efficiency due
to the d,irect reaction,between bromine and elemental zinc. Since correcting
this condition would have been time consuming, a decision was made to
proceed with the testing, and to correct this condition in X-20 with an
appropriate design modification. Accordingly, cycle testing of X-10
proceeded. However, severe gassing at the anode, with an accompanying
loss in performance developed past cycle #30. There is strong evidence
pointing to platinum contamination of the electrolyte as the cause of
this gassing problem.
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As described earlier, X-lO contained platinum voltage sensors,
as diagnostic probes, for monitoring battery performance. These plat­
inum probes were in contact with the cathode side of the bipolar elec­
trodes. Earlier practice had been to locate these platinum voltage
sensors on the Zn side of the bipolar electrode. However, periodically,
a sensor would behave erratically, which was suspected to be due to zinc
bridging. As a result, the X-lO voltage probe location was changed. As
cycle testing proceeded, a very gradual increase in gassing was noted at
approximately the 20th cycle mark. The gassing was in the anolyte, and
based on earlier work, it was presumed to be hydrogen. At first the
gassing was so slight it was almost ignored ..As cycling proceeded, how­
ever, the gassing became more intehse. Initially, the onset of gassing
was observed at the end of discharge. Gradually gassing appeared earlier
in the cycle. Past cycle #30, the onset of gassing was observed to have
started before the end of charge. Perhaps more importantly, the inten­
sity of the gassing seemed to increase significantly; so much so in
fact, that coulombic efficiency began to decline. Between cycles #40
and #58, gassing became so copious that coulombic efficiency dropped
below 60%, and each successive cycle yielded a lower capacity. This is
shown in Figure 111-12. One effect of this gassing was an increase in
electrolyte pH, and frequent additions of HBr were required to maintain
it in the 2.5-3.5 working range.

As the gassing condition in the battery was developing, con­
siderable thought was given to its possible causes. The most probable
cause pointed to electrolyte contamination. It is well known that certain
metallic impurities, even in the low ppm range, can alter the gassing
characteristics of batteries by lowering the hydrogen over-potential.
In our case, platinum and iron were suspected contaminants in the electrolyte.
Trace analyses of electrolyte samples at various stages in cycling yielded
the following results:

Table 111-1

Trace Analyses of X-IO Electrolyte

Pt Fe Mn

Init i a1 val ue s <0.5 < O. 1 <. 1

After 25 cycles
Anolyte 4 <. 1
Cat ho lyte 3 '" 1....

After 37 cycles
Anolyte 20 5 <. 1
Catholyte 7 5 < 1

Mg Al

2 2
2 2

4
3

Note: Initial values represent lowest detection limits. Values are
in ppm.
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These results indicate a significant increase in the platinum
content of the electrolyte. The source of the platinum contamination
was the voltage probes. This was confirmed by removing and examining
the Pt tabs, which showed signs of being etched. That Pt was the pri­
mary cause of the gassing was confirmed in a bench top test tube experi­
ment. To four (4) test tubes containing "standard" electrolyte, very
small amounts of hexachloroplatinic acid were added (1.1-15.3 ppm). A
fifth sample was kept as a control, and a sixth sample was X-10 anolyte
from the 25th cycle. A small amount of metalliG zinc was placed in each
of the test tubes, and gas bubble formatio"n on the zinc was observed.
All electrolyte samples containing Pt showed a greater tendency to gas
than the control. The coverage of the zinc test samples by gas bubbles
increased with increasing Pt content. In fact, with Pt in solution, one
could see gas bubbles ri~ing. in the liquid. Gassing in the control
sample was inperceptible. No attempt was mad~ to quantify these findings.

The association of Pt contamination with gassing was demon­
strated on module X-3D (the X-10 backup). This .battery also showed
gassing on charge/discharge cycling. Analysis of the electrolyte showed
it to contain 30 ppm of Pt .. At this point, the bat~ery was drained, and
after removing the Pt voltage tabs, filled with a solution that was

. approximately O.5N KBr, O.lN HBr and 0.2N Br2. A low current ( 2 mA/cmZ)
was passed through the stack for 30 minutes. The "cleaning" solution
was dumped, refilled with a fresh solution of the same composition and
the procedure repeated, with the current passed in the reverse direction.
This solution was also dumped, and the battery was then rinsed twice
with de-ionized water; The rationale here was to operate the battery as
a BrZ/Br- couple, (to avoid gassing), while passing a low current to
oxidize any residual Pt on the electrodes to form hexabromoplatinic
acid. This procedure was effective because when X-3D was retested with
fresh electrolyte, the gassing "problem" had been I'cured". Gas generation
before the cleanup was measured in liters per cycle. Following the
cleaning, gassing was reduced to a few ml per cycle.
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IV. Parametric and Component Testing

This portion of Phase I was concerned with broadening the
experimental data base for the zinc-bromine battery. Particular ob­
jectives were to qualify new components for eventual incorporation in
the large system demonstrations, to investigate various technical para­
meters and interrelationships that limit system performance and to Qe-
sign and extend knowledge on possible life limiti.ng mechanisms of individual
system components.

IV.l 500 Wh Parametr"ic Test Station

IV. 1. 1 Design of Standard Station

The 12V 500Wh bipolar battery test station, shown in Figure
IV-l is compri sed of thre.e major co~ponent parts:

• Battery Module
• Electrolyte Storage and Circulation

Operating Control and Monitoring

The battery module is a 12 V (8-cell), 500 Wh bipolar unit,
consisting of:

7 Bipolar Electrodes
2 Current Collectors tone Positive and one Negative)
8 Microporous Separators

16 Vexar Screen
2 Feed Blocks
2 Aluminum End Plates

The end plates constrain .the battery module, making it leak-
tight. Four manifolds, one in e~ch ~orner, facilitate electrolyte circulation
through the battery module, one each for anolyte and catholyte entry and
exit. Two current leads connected to a power supply are used to charge
and discharge the battery. In addition to battery voltage sensing leads,
individual cell voltage sensors are included for monitoring battery
performance. . .

The electrolyte is contained. in two polypropylene reservoirs
(anolyte and catholyte) connected to the battery module manifold with
1/2 in. 1.0. polypropylene tubing and compression fittings. Circulation
is effected by means of two 12 V DC magnetically-coupled, centrifugal
pumps. Anolyte enters the battery in the lower left-hand corner, flows
up, and exits in the upper right~hand corner, where it is returned to
the ano lyte reservoi r. The catha lyte enters the battery in \the upper
lefi-hand corner, flows do~n, and exits in the lower right-hand corner,
returning to the catholyte reservoir. A 4-way valve in the catholyte
feed line makes it possible to reverse flow direction to expel air on
initial filling, as well as any gas which may be generateg during operation.
Two pressure gauges in the feed lines serve primarily as a visual indication
that electrolyte flow rates are "normal", 25 ml/min. dm2 of electrode
area. For a 12 V battery, the flow rate is 1.2 l/min.
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The cycler panel shows two digital panel meters (for battery
voltage and current), a 9-position selector switch (8 individual cell
voltages and battery voltage), two 12 V battery chargers (used to power
the electrolyte circulating pumps), three toggle switches, a 2-pen strip
chart recorder and a regulated power supply. The toggle switches control
battery operation on charge, discharge, and even circuit. The shorting
switch places the battery across the load resistor. Figure IV-2 is a
simplified schematic diagram of the cycler panel. The load resistor, (a
wound nichrome wire of 2 ohm, 300 Wrating) is in series with the power
supply when the battery is in the discharge mode, to avoid accidental
shorting while the battery is on charge.

IV.l.2 Component Testing

The 12 V (8-cell), 500 Wh bipolar battery design was generated
in the early phases of Exxon's zinc-bromine system development grogram
when active electrode area was scaled up from 100 cm2 to 600 cm2. Since
then, a number of such units were assembled and tested with the result
that a useful data base was gathered. Because at the 8-cell level,
testing could be carried on without the added complexity of shunt cur­
rent protection requirement, this system proved useful as a test bed for
evaluating battery components. Microporous separator material and the
injection molded electrodes, are but two examples of components that
were extensively evaluated in 12 V systems before testing their performance
in larger, 52-cell modules. Qualification of new vendors (such as for
ZnBr2) was also done on the basis of obtaining satisfactory performance
results in a 12V system. This system also proved useful for conducting
parametric testing, where performance characteristics were evaluated as
a function of operating parameters.

IV.l.3 Parametric Testing

Parametric tests at the 12 V (8-cell) battery level inditated
that higher coulombic efficiencies were obtained at lower states-of­
charge (100% SOC was defined as the condition when 100% of the ZnBr2 in
the electrolyte had been utilized. A 12 V battery, sU'ch as the one
used in these tests, was normally fi lled with 4 lof 3 MZnBr2 electrolyte,
which based on a 90 mAh/cm2 Zn loading, represented a 65% material utilization.
This fill level was selected on the basis of retaining a sufficient salt
concentration at the end of charge to maintain adequate electrolyte
conductivity.

These tests indicated that low material utilization (30%)
yielded a 90% coulombic efficiency, and as material utilization increased,
coulombic efficiency decreased. The observed trend was as shown in
Figure IV-3, where coulombic efficiency decreased from 90% to 80% as
material utilization increased from 30% to 65%. The corresponding zinc
loadings are 40 mAh/cm2 to 90 mAh/cm2. These observations were examined
further by increasing the total amount of electrolyte in the system to 6
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Figure IV-2 Schematic of Cycler Panel

*Shorting Switch Operable Only in Discharge Position



"

Z
n

L
O

A
D

IN
G

,
rr

A
h

/c
m

2

10
0

4
1

.5
4

8
.4

55
.4

62
.3

69
.2

76
.2

83
.1

9
0

.0

9
5

cf? >- u
90

~,
"

12
V

O
L

T
B

IP
O

L
A

R
z

B
A

T
T

E
R

Y
w - U - L

L
L

L
8

5
w u

I
~

I
C

D

-
'"

-J
ll
J ::2
:

0

80
~

-
--

l
8

C
E

L
L

S
•

:::::
>

0
6

D
M

2
E

L
E

C
T

R
O

D
E

A
R

E
A

u
4

L
O

F
3M

Z
n

B
r2

E
L

E
C

T
R

O
L

Y
T

E
.

I
75 70

I
,

,
,

,
,

I
,

,
,

3
0

4
0

5
0

60

M
A

T
E

R
IA

L
U

T
IL

IZ
A

T
IO

N
,

%

.F
ig

ur
e

IV
-3

-
E

ff
ec

t
of

M
at

er
ia

l
U

ti
li

za
ti

o
n

on
C

ou
lo

m
bi

c
E
f
f
i
c
i
~
n
c
y



~ 88 -

This in effect reduced the material utilization (M.U. )for comparable
zinc loadings. For example, a 90 mAh/cm2 zinc loading represented 65%
M.U. for 41 of solution, and 32% M.U. for 81 of solution. These tests
indicated that at 70% M.U. and below, lower zinc loading and the corresponding
charge time increased coulombic efficiency. This observation is consistent
with our understanding that Br2 formed at the cathode can migrate through
the separator into the anolyte where it can react directly with elemental
zinc on the anode, thereby reducing coulombic efficiency.

IV.l.4 Automatic Life Cycle Testing

Key to the determination of the cycle life capabilities of the
Zn/BrZ battery system is the establishment of a reliable automatic test
station which will allow continuous battery cycling. A test station has
been constructed which allows around-the-clock cycling of a shunt-current
protected 500 Wh 8-cell stack. The electrical circuitry which controls
the basic charge-discharge cycling of the battery is controlled by a
Texas Instrument Programmab le Confro 1 System (Mode 1 5TI). The present
station is hardwired to allow for cycling regimes involving two different
charge and two different discharge currents (which allows pulse charge/discharge
capability). The shunt current control system is monitored and controlled
by a separate unit which operates independently of the cycling apparatus
as do the system pumps. The present te$t station incorporates separate
system safety circuitry to mtmitor -both catholyte and anolyte pressure
and electrolyte reservoir liquid levels. Future stations will interface
these sensors to the STI microprocessor controller to shutdown the system
due to pump malfunction, electrolyte leakage, or flow blockage. Stack
performance is monitored by a dual channel recorder (stack voltage and
current) supplemented by a data logger which also records individual
cell voltages and shunt current system parameters. Figure IV-4 shows a
block diagram of the life test system as presently configured.

Initial attempts at life cycle testing led to early aborts
with two cell stacks, caused primarily by poor flow distribution in life
test stack #1, and shunt current control system malfunction in life cell
test stack #2. Life test stack #3, now under test at the writing of
this report, incorporates two modifications to overcome these problems:
(1) elimination of the separate flow frame element in cells 1 &8 by
molding of the flow distribution network into the current collector
itself (previously sep~rate flow frames were neces~ary with flat, compression
molded collectors); (2) operation of the shunt current negative electrode
feed system via the ~atholyte pump rather than a separate bellows pump.
As of March 31, 1981, life test stack #3 had accumulated more than 100
continuous cycles of operation at various depths of discharge corresponding
to Zn loadings of 10-75 mAh/cmZ with an average coulombic efficiency of
80%. Cycling of this unit will continue into phase II of this contract
during which a second life test station will be put into operation.
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IV.2 Tunnel Shunt Current Protection Testing

An experiment was run to test the concept of tunnel protection
in a functioning zinc-bromine battery system (see Section 11.3 Shunt
Current Protection). A 19 cell battery stack was assembled with special
flow frames to allow tunneling. A unit cell is shown in Figure IV-5.
It consists of a bipolar electrode, a flow frame with channels facing
the electrode, a microporous separator, a flow frame with channels facing
the next electrode and then the next bipolar electrode.

The bipolar electrode has a central conductive thin carbon­
plastic body of 600 cm2 area coated on one side with expanded surface
area carbon for the cathode, compression over-molded with a non-conductive
plastic border. The design thickness is 30 mils. The compression flow
frames were specially designed for tunneling experiments (Figure IV-6).
In comparison to the classical flow frame, these flow frames have an
additional length of electroly~e cavity in the plastic frame to allow
long narrow sections in the channel between the manifold and the cell
electrolyte compartments. The location of the external edge of the
manifold holes is inboard 1.25 inches from the classical design. The
flow frame thickness was designed to be 24 mils. The cell electrode
area of the flow frame is 530 cm2 Two flow frames are used, one with a
1800 orientation, in the unit cell.

The 24 mil thick microporous separators were cut to be of the
same gross area as the cell stack~ thus extending to the external edges
of the stack. The terminal anode and cathode electrodes were compression
molded with embedded screen for current collection. Four 3/8 inch manifold
forming holes were cut in each component comprising the unit cell. In
addition, four tunnel holes were drilled through each plastic component
(but not the microporous separators) near each manifo.ld to form four
"tunnels" through the stack. These tunnels formed interconnections
between the channels for each of the anolyte and catholyte inlet and
outlet streams.

The tunnels in each unit cell go through the plastic of the
flow frame, from the electrolyte channel, through the microporous separator,
through the solid portion of the next flow frame, through the non-conductive
portion of the bipolar electrode, to the next electrolyte channel. This
is shown in Figure IV-5 with lines connecting "tunnel" holes. The nominal
design "effective" tunnel length, considering the tortuosity of the
microporous separator, is O~ 125 inch.

Tunnel theory requires that there be a gradation of resistance
from cell to cell interconnection,increasing toward the center of the
stack and then decreasing toward the terminal end cell. The hole diameter
and the cross-sectional area, and thus the resistivity of each tunnel
segment is not the same in each type of component. In addition, when
viewed from the side, the tunnel resistances within each unit cell start
at different points, i.e. at the anode face to the next anode face and
from the base of the catholyte channel to the next catholyte channel
base. The catholyte and anolyte tunnel holes in the flow frames thus
have different diameters.
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For mlnlmum protective tunnel currents, it is required that
the tunnels in the center of the stack have infinite resistance and that
the tunnels on either side of the stack center have very high resistance.
This would require very small tunnel holes in this design and would
present great practical difficulties in alignment of the tunnels in the
stack. The center tunnels were thus chosen to have finite resistances,
consequently modifying the remaining tunnel values to lower resistances.

The size of the holes was computed from the resistance values
calculated from formulas given in Section 1.3 and Appendix 5 using the
values in Table IV-1. Drill sizes close to the computed values were
used to jig drill the tunnel holes in the components. The resistance
values of the tunnel ends kept these protective electrode supply streams
separated from the main electrolyte streams where necessary.

The insert protective current per tunnel computed from these
values is about 15 mA, compared to the 260 mA per manifold for the equivalent
manifold protected case. Four tunnel protective electrodes were placed
in each feed block at the junctions of the tunnels in each of the terminal
electrodes. These electrodes were supplied with bromine rich electrolyte
from catholyte slipstreams. Microporous inserts in the tunnel ends kept
these protective electrode supply streams separated from the main electrolyte
streams where necessary.

The stack was assembled between metal plates with external
bolts. The flow frame thickness tolerance was very bad. The frames
were considerably thicker in the center portions, top and bottom (there
is more plastic material to move in these regions during the compression
molding and this movement resistance makes for a thicker cross section).
The cell stack initially leaked, even under high torqueing of the stack
tie bolts. Plastic wedges inserted between the metal backing plate and
the feed block together with reinforcing bars, eventually eliminated all
leaks. However, this gave a system with double concave cell stacks and
nonparallel electrodes. The alignment of the tunnel holes and the resistive
path length through the tunnels is open to question.

During the stack assembly, platinum tabs were inserted in the
catholyte compartments of each cell for cell voltage measurements. In
addition, 4 platinum tabs were placed at the tunnel channel nodes in the
terminal cells and at every 4th cell to measure tunnel node/cell voltages.
Computer connection wires were soldered to each of these tabs. Unfortunately,
during the placement of the stack in the test stand, many of the tab
connections were broken at points where repair was inaccessable. Some
of the broken tab connections were at the more critical locations.

The cell stack was run in the conventional manner, analogous
to X-3A. When the protective current was applied to the tunnel electrodes,
the voltage of the cells in the center of the stack increased as expected
from theory. When the voltage between the sensor tabs in tunnel/channel
nodes at the terminal cells approached the stack terminal voltage, the
voltage of all the cells in the stack became more uniform.
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Tab 1e IV- 1

RESISTANCE VALUES FOR TUNNEL CALCULATIONS

Vo = 1.78 volts = 0

Rm = 6.68 ohm Re = 0.04 ohm

Rc = 7000 ohm P = 15 ohm-em

RTN/2 = 333 ohm N = 19 cells

Tunnel Number Resistance, ohms

RT 1 123

2 145

3 169

4 199

5 232

6 251

7. 298

8 332

9 332

10 332

11 332

12 298

13 251

14 232

15 199

16 169

17 145

18 123
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Simultaneously with the increase in tunnel current, the voltage
differential between the terminal tunnel/channel nodes and the terminal
cells decreased from an 8-10 volt condition to a few hundred millivolts.
Further increase in current made the voltage differential negative.
Unfortunately, this could not be checked at all points because of broken
sensor tab connections.

When the voltage differences in the channel legs of the terminal
cells were nearly nulled, voltages in the near cell channel legs were
far from being nulled. Changing the input tunnel current could bring
about near nulling in a given cell set, but not simultaneous nulling in
the other sets where voltage measurements could be made. The input
current to bring about a near voltage match between the terminal voltage
of the stack and the voltage difference between the sensor tabs in the
terminal tunnel nodes was four times higher than the calculated value,
i.e., 65 mA vs 15 mAo

Reconsideration of this battery stack design pointed out a
flaw in the unit cell approach, unique to this protection method. The
system was designed, for example, to have the input tunnel anolyte current
(10, Figure IV-7) enter the tunnel near the catholyte inlet manifold and
proceed through the tunnel system. A portion (11, Figure IV-7) would
split off at the anolyte channel node and proceed into the anolyte outlet
manifold. A similar process would occur at the next cell. Correspondingly,
input tunnel catholyte current would enter at 12 (Figure IV-7) and proceed
through that tunnel system. At the catholyte channel a portion (13,
Figure IV-7) would divide off and proceed through the channel into the
catholyte inlet manifold. The design ~alculations for tunnel resistance
were based upon these conditions and channel and manifold resistances in
the ratio of 1050 to 1.

Unfortunately, in this design, with the microporous membrane
extending to the edges, there are unlntentional alternate pathways for
the tunnel current. The anolyte tunnel current (10, Figure IV-7) can
shunt into thecatholyte inlet manifold through the electrolyte which
wets the microporous membrane at 14 (Figure IV-7). Similarly the catholyte
protective tunnel current can shunt to the anolyte outlet manifold at 15
(Figure IV-7). There are now in effect two parallel pathways for the
protective tunnel currents to divide into the manifold system. The
value of the channel resistance, Rc , is thus lower than the Rc used in
the calculations for the design of tunnel dimensions and resistances.
The estimated effective resistance for Rc is 800 ohms rather than the
7000 ohms used in the initial calculation. Recomputation of the value
of each tunnel current using this value of Rc and RTN of 333 ohms
gives 65 mA, at open circuit, rather than the previou£~y calculated 15
mAo The experimental tunnel current values observed were in this range,
when the terminal/tunnel nodes voltage difference was near the stack
voltage.

With an effective Rc of 800 ohms, the actual dimensions of the
tunnels are too small and thus the resistances are too large.
More of the input tunnel current is diverted to the manifold than calculated.
Hence, the shunt current nulling is less than exact. The system could
have been rebuilt with the tunnel holes rebored to larger diameters.
The resistance value for the pathway from the tunnel to manifold through

.;, ~
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the microporous separator, however, is difficult to measure, predict, or
change with different SOC's of the electrolyte. The present components
are fabricated with old compression molding technology and have low
dimensional tolerance. Such a rebuilding, while instructive, would not
greatly add to the knowledge of shunt current protection in our most
recent cell designs ..

The experiment showed the general feasibility of shunt current
protection with tunnel protective currents at significantly lower input
current values than manifold protection. Although the absolute results
are flawed by component problems, sufficient data was gained to redesign
components, i.e. flow frames around a microporous insert would eliminate
the microporous pathway from the tunnel to the manifold and allow appropriate
design. This will be used in future experiments.

IV.3 Component Life Studies

The cost basis for comparing photovoltaic storage batteries is
a twenty year cycle life. This life cycle cost includes initial battery
cost as well as maintenance and system replacements when necessary.
While a total 20 year life for a single system is not necessary, life
must be acceptably long to require a minimum number of system replace-
ments and still meet the 20 year cost goal. For example, five to ten
year lifetimes are equivalent to 1500-3500 daily cycles or perhaps 500-
2000 deep cycles. Time and manpower requirements have prevented total
systems from being tested for these lifetimes during Phase I. However,
various component studies were initiated in order to evaluate possible
component weaknesses that could limit system life. So far, no clearly
unavoidable life limiting mechanism has been identified, although electrolyte
invariance, particularly pH, may require periodic maintenance. These
component studies, plus the accomplished cycling of the X-3 to 100 plus
cycles and the X-10 to 50 plus cycles, indicate that 500 cycles life
should easily be obtained and thousands of cycles are likely with little
or no maintenance. In fact, without a clearly defined life limit, extremely
long cycle life is a distinct possibility, especially since the zinc­
bromine electrodes are immune from long term problems such as shape
change and solid state structural modifications.

IV.3.1 Carbon Plastic Oxidation Under Potentiostatic Conditions

The stability of carbon plastic electrode material at oxida­
tive potentials was studied in an effort to estimate possible lifetimes
in bromine containing environments. Initial cycling of carbon plastic
electrodes in both monopolar and bipolar designs had shown no resisti­
vity changes during 50-100 deep cycle tests, and stack autopsies had
shown no signs of oxidative degradation. The potentiostatic oxidation
method was used in order to quantitatively measure the oxidation rate
of carbon plastic. Tnis testing Showed that the Faradaic oxidation rate
of carbon plastic rapidly drops to almost negligible values.
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Technique - The experimental apparatus shown in Figure IV-8 uses a strip
of carbon plastic potentiostated relative to a combined zinc reference
and counter-electrode in solutions of 3 Mzinc halides. The electro­
lytes were sparged with NZ. Several paper~ from United Technologies
Corporation (11, lZ, 13) describe similar carbon oxidation and measurement
techniques in high temperature (1600 C) phosphoric acid cells. Such
studies show good correlations between oxidative currents (while holding
the carbon at high potentials) and COZ evolution. The initial coulombic
oxidation, however, is more likely to oxidize various redox groups in
the carbon. Studies on the conductive carbon, Vulcan XC-72, show that
most oxidation occurs in the amorphous carbon material at the particle
centers. The highly graphitized material near the surface of the Vulcan
particles is relatively immune to oxidative attack. Therefore,high
oxidation levels are required before Vulcan mixtures lose conductivity.

Results - Table IV-Z shows the results of these oxidative studies.

Initial experiments potentiostated typical carbon plastic near
the bromine potential in standard solution. Carbon oxidation is accele­
rated by increasing temperature and potential vs. a zinc reference.
There are many difficulties in running and interpreting these first
experiments. Direct collection of C02 would require very long experi­
mental times at these oxidation rates. Initial coulombic oxidation
rates fall rapidly during the first day of immersion, presumably because
of the charging of surface redox groups. Most important, the presence
or evolution of Brz can seriously affect the results. At typical open­
circuit voltages in standard solution, any currents would reflect the
Br-/Brz electrode. The oxidative currents at 1700 mV vs. Zn are too
high because of Br2 evolution. The initial solution contains no BrZ,
but the equilibrium BrZ at 1700 mV is about .OOZ M. If all the oxida­
tive current at 1700 mV produced BrZ, it would require over a year for
the cell to reach .OOZ MBrZ! The data at 1500 and 1600 mV are not
flawed by this problem.

Extrapolating the 1500 mV and 1600 mV data via a Tafel activation
model to 1750 mV predicts an oxidative current of 6.8 x 10-9 Amp/cmZ.
The energy of activation is about 10.4 Kcal/mole at these potentials.
For cells operating at temperatures of about 31 0 C, the extrapolated
current 6.8 x 10-9 Amp/cmZ oxidizing 30 mil carbon plastic to COZ represents
.015%/year. Assuming that the interior of a conductive carbon ·partic1e is
oxidized, even 5% oxidation should be tolerable. This represents a
useful life of 336 years.

Because of possible ambiguity with Br2 evolution at potentials
approaching the OCV of the Zn/Brz battery, further studies were conducted
using 3 MZnC12, which has no measurable C1Z evolution at 1750 mV vs Zn.
All of this data was obtained after 3 days of oxidation, after which the
oxidation rate was stable, i.e., dropped less than 10%/day. Some in­
dividual points seem anomolous, although a clear pattern exists.
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Comparison of the ZnC1Z data with the standard solution data
at 1600 mV vs Zn shows that ZnC12 seems to promote the oxidation more
than ZnBr2 and that the effect of temperature is less severe with ZnC1Z.

A series of carbon plastic samples were lightly sanded with
emery paper to remove the possibility that a surface plastic layer was
insulating most of the carbon plastic from oxidation. The data for
sanded plastic (Table IV-2) show no significant increase in oxidation
rate.

Next, a cathode with a typical cathode catalytic layer on one
side was tested. The catalytic layer increases the oxidation rate by at
least 100-fold, although at 34 C and 1750 mV vs Zn. this current is still
only a few ~A/cm2 and would probably be less in ZnBr2. the high oxida­
tion rate of high-surface area carbon has been reported by Kinoshita
for fuel cells (13). The carbon used in the cathode layer has a large
surface area. This complete area is probably not necessary for Br2
kinetics. but its many surface groups could oxidize rapidly. Separate
long-term testing of the cathode catalyst layer (Section .IV.2.2) showed
stable operation throughout 5 months. Therefore. the higher measured
oxidation rates of the cathode layer may have been part of a long term
transient which would have fallen off with extended potentiostatic testing.
More work is planned in this area.

IV.3.2 Cathode Catalyst

A high surface area carbon layer (PV-1) is applied to the cathode
side of the bipolar carbon plastic electrode. This layer catalytically
activates bromine's Faradaic reactivity, particularly the reduction of Br2
during discharge. Previous oxidation studies. (see above). have shown
high Faradaic oxidation rates on these catalytic layers. Therefore. long
term activity studies were begun. These studies showed negligible changes
in electrode polarization. The studies were prematurely ended by a pump
failure.

Technique - The experimental apparatus utilized a flow cell model com­
posed of two 100 cm2 cathode current collectors. Electrolyte, approxi­
mating catholyte at 50% SOC. was circulated between two electrodes which
were separated by only a single Vexar screen. The electrolyte generally
flowed downward to prevent build-up of Br2 complex in the cell, except
for occasional flow reversals to remove entrapped gas. The electrolyte
was circulated in a closed loop between the reservoir and cell using a
small centrifugal pump with a magnetic drive. Current was continuously
passed through the cell at 20 mA/cm2, causing oxidation and reduction of
Br-/Br2 at the two electrodes. Polarity of the current was changed at 2
to 4 week intervals over a five month period.
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Results - Initial voltage across the cell was 0.104 V and, was O.Zll V
on terminating the test. The total cell voltage includes any electrode
overvoltages, plus internal electrolyte resistance between the cells.
During the experiment, approximately 60% of the original Brz escaped
from the system. This would increase the resistivity of the electrolyte
as more quaternary ammonium was extracted back into the aqueous - phase,
and could explain the increase in cell voltage.

The experiment was discontinued when the magnetic drive of the
pump became disengaged. Electrolyte then drained out of the cell and
back into the reservoir. Current continued to pass through any electrolyte
still remaining in the cell. A localized hot spot developed, charring
and warping both electrodes, precluding reassembly of the stack.

IV.3.3 Bromine Complex

At the conclusion of the cathode study mentioned above, the
remalnlng "bromine oil" in the reservoir was analyzed via proton NMR
techniques using BrZ as "solvent" for quaternary ammonium bromide. A
"normal" NMR trace for MEMBr was observed with no new peaks which
would be indicative of either bromination or other degradation of the
amine. Similar studies at the end of battery cyc1 ing have also shown no
degradation of the amine.

IV.3.4 Electrolyte pH

Battery cycling during early Phase I showed significant im­
provements in pH stability of the electrolyte (maintaining values of
Z.5-3.5), with X-3A reaching 100 plus cycles of operation with stable
pH. However, much of the earlier testing of the zinc-bromine system
prior to Phase I, showed steady pH increases during the initial ZO to 40
cycles. As pH rises above 4.0, plating tends to become mossy, and cou10mbic
efficiency inexplicably drops. Further pH increases cause a colloidal
precipitation of zinc oxides/hydroxides. This precipitate increases
system pressure drops and quickly causes electrolyte distribution pro­
blems. Fortunately, small additions of HBr quickly reduce the pH and
dissolve the precipitate. However, repeated HBr additions are even-
tually required. Two mechanisms of pH increase have been ~dentified

(see below). Both mechanisms seem easily controllable, so that the need
for HBr addition should be reduced or eliminated.

Mechanisms Causing pH Increases

liz Mechanism

ZHZO + Zn o -.J> Zn++ + HZ + ZOW

Qz Mechanism

Oz + Z Zn -. Z ZnO

ZnO + HZO ~ Zn++ + Z OW
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Hydrogen Evolution - Hydrogen evolution was the obvious candidate for pH
increases by the mechanism shown below. Hydrogen bubbles can be seen
forming on the surface of Zn in Zn/Br2 solutions and. gas bubbles can be
observed in the anolyte as it leave.s the stack. However, the amount of
gassing generally observed is usually quite small and can account for
only a small fraction of the observed pH changes. The only exception is
when specific impurities enter the electrolyte and act to catalyze H2
evolution at the anode. For example, Pt sensor tabs at the cathode of
X-10 (Section 111.2) slowly corroded so that after 30. cycles, H2 was
being evolved fast enough to significantly increase the internal resistance
of the battery. Fortunately, Pt sensors are not necessary and in future
designs will be eliminated or replaced by Ta sensors at the anode.

The pH increase from H2 evolution can be controlled by passive
recombination of H2 with Br2 to form HBr as described in Section IV.4.
Furthermore, if the electrolyte does become contaminated, it can be
treated to remove impurities such as Fe, Ni, and Pt which catalyze H2
evolution.

Oxygen Infiltration - Oxygen appears to be the primary source of pH in­
creases partlcuJarly during the cycling, prior to Phase I. The mech-
anism of pH increase by oxygen infiltration shown above is that it dissolves
in the electrolyte where it can react non-Faradaically with Zn, followed
by hydrolysis to generate hydroxyl ions. The oxygen mechanism was inadvertently
discovered when the observed small quantities of HZ failed to explain
the magnitude of pH increases. By checking experimental logs, it was
confirmed that frequently inspected reservoirs (direct exposure to air)
and loose plastic fittings (aspiration of air into the electrolyte)
correlated well with unusually fast pH increases. In vitro experiments
quickly showed that electrolyte in contact with zinc powder showed stable
pH under N2, but rapidly increasing pH when exposed to air.

Since that observation, several batteries have passed 100
cycles without needing HBr additions. This improved stability is attri­
buted to cycling large systems (fewer points for air infiltration) with
start-up under N2 atmosphere in the reserv01rs, and achievement of tighter
plumbing by using solvent welded PVC fittings, rather than compression
plastic fittings that loosen with time. Hydrobromic acid addition still
provides a quick fix for any long term pH increases and could be added
automatically by a system microprocessor controller.

IV.3.5 Zinc Cycling

Discharge Potential of Zinc on Carbon Plastic
El ectrodes at Low Load ings-·

The discharge potential of zinc on carbon plastic electrodes
falls off dramatically at low loadings of zinc. The effect is enhanced
at higher current densities. The effect is not seen with zinc on zinc
electrodes.
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A carbon plastic electrode (16 cm2) was placed counter to a
large zinc foil, (60 cm2) separated by 2 cm. The cell compartment was
filled with standard electrolyte, 3M ZnBr2, 1 MMEM+ Br- and 0.2 MZnS04,
only. Luggin capillaries with calomel (SCE) electrode reference were
placed at or near each electrode. Provisions were made to record the
half-cell potentials of the carbon plastic electrode, the zinc foil
electrode, and the total cell potential. The total coulombs passed
through the system were also recorded.

The potential of the carbon plastic electrode at the beginning
of each discharge was essentially constant for all cycles. However, the
potential of the carbon-plastic electrode vs. the calomel electrode at
the end of a 200-second discharge was greatly dependent upon the zinc
loading (Figure IV-9a). Even at an apparent loading of 7 mAh/cm2,
there was a sloping discharge curve; 50 mV/200 sec in contrast to a flat
curve for zinc-an-zinc. With low loadings, i.e., 1 mAh/cm2, the end of
discharge potential was near that of bromine evolution.

The current levels for charge/discharge were then changed to
80 coulombs charge, and 95 coulombs discharge, respectively, to reduce
the zinc loading (25 and 29.7 mA/cm2). The end of discharge voltage
decreased as the zinc loading diminished (Figure IV-9b). The carbon­
plastic electrode surface was initially loaded to 1.51 mAh/cm2, 87 coulombs.
The system was discharged for 200 seconds, passing 30 coulombs of oxidative
current. Then it was charged for 200 sec, passing 40 coulombs of reductive
current. After a few cycles, the order was changed to 90 coulombs reductive
and 60 coulombs oxidative current (28 and 18 mA/cm2).

After 13 cycles (86.6 minutes), the total zinc loading had
increased to 7.82 mAh/cm2. The potential of the zinc foil electrode was
constant during charge and discharge at any loading level. The potential
difference between charge and discharge was about 35 millivolts, and the
potential was square wave~

When the apparent loading was less than 3 mAh/cm2 (at the
beginning of discharge), the potential at the end of a 200 second dis­
charge fell to a plateau of about plus 100 mV vs. SCE. During 18 addi­
tional cycles (2 hours), the zinc loading was slowly reduced to 1.7
mAh/cm2.

The cycle was changed to 120 coulombs charge, 60 coulombs
discharge (18.75 and 37.5 mA/cm2), to rebuild the zinc loading. The end
of discharge potential traced the previous zinc build-up curve at 18
mA/cm2 discharge. After 12 more cycles (80 minutes), the apparent zinc
loading had built up to 11.37 mAh/cm2. The charge/discharge coulombs
were changed to 120 each (37.5 mA/cm2) for 4 more cycles. The end-of­
discharge voltage was then constant at .85 volts vs. SCE). The discharge
curve slope was 70 mV/200 sec.
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The cycle was then changed to slowly strip off the zinc load­
ing at 37.5 mA/cm2 (120 coulombs discharge 90 coulombs charge). When
the apparent loading had decreased to between 4 to 5 mAh/cm2, the end of
discharge potential had fallen to more than 1 volt vs. SCE (some IR
included). The cycling was continued at this rate to a total of 67
cycles (7.5 hours), after which the coulomb count total was reduced to
Z.6. However, the start of zinc discharge potential remained essentially
constant during the last 20 cycles. Based upon the potential at the
beginning of discharge, the system behaved as if it were a zinc electrode.

In the experiment, over 5 million total coulombs put on the
carbon plastic electrode were essentially all recovered. There was no
apparent loss due to HZ formation and escape. It would appear that at
zinc loadings below 10 mAh/cm2 the zinc-on-carbon plastic electrode does
not behave as a zinc electrode. At loadings below 5-6 mAh/cmZ, the
sloping of discharge curve becomes very significant and the end of discharge
potential. can be very low. The loading level before the effect becomes
significant is a sharp function of current density; thus, final discharge
of the zinc bromine battery at ever decreasing current densities allows
a high coulombic efficiency (to a fixed cut off voltage).

IV.3.6 Plastic Compatibility in Bromine Containing Electrolytes

Prior to the start of the Phase I contract a considerable
amount of material screening had been accomplished. Literature sources
and simple short term bromine compatability tests eliminated most metals
except Ti, Ta~ and various carbons. In the case of plastics an early
decision was made, that, if possible, only cheap commercially available
plastics would be utilized. Also, it was desired that the plastic already
be available in its end use form, Le., pipes, valves, tanks, or as
pellets suitable for mass processing such as extrusion or injection­
molding. Again, through literature sources and simple 'screeningtest~;

the.decision was made to concentrate on polyolefins, PVC, and, where
necessary, fluorinated materials such as Teflon.

To test the compatability of each of the plastics under con-_
sideration, test samples were placed in electrolyte and monitored over
the course of several months. These samples included carbon plastic
electrode material, various structural plastics, and Daramic separators.
For each material, four 1.5 in 2 samples were cut and carefully weighed.
Three of th~samples were tested and one was held back as a control.
The triplicate samples were placed in individual glass jars which had
Teflon liners on the lids. The electrolyte added was prepared by charg­
ing a battery to a 50% state-of-charge (SOC) and then utilizing equal
volumes of catholyte aqueous and Brz containing oil phases. These samples
were then placed in an environmental chamber. (Figure IV-IO) which was
thermostated at 55 0 C.

Physical appearance of each sample was monitored on a monthly
basis without opening any of the jars. At the end of three months one



108 -

<J)

U

+.J
<J)

to

Cl.

en
s:::

+.J
<J)

Q)
l-

s..
o
4-

s..
Q)

..0
E
to

..s::
U

to
+.J
s:::
Q)

E
s:::
o
s..
>
s:::

lJ.J

o
I

>-......
Q)
s..
:J
en....
u.

•



.'-

- 109 -

of each of the triplicate samples was removed for more careful examina­
tion. Weight gain measurements were also made after the sample had been
water washed and vacuum dried to a constant weight (±2 mg) over a min­
imum four hour period. For some samples, only nine month weight data
are avai lable.

The physical appearance of these samples was identical to that
observed when using them in batteries. All of the transparent or filled
samples quickly showed a bromine discoloration. When samples were ,removed
and subsequently broken in two, this coloration was found throughout but
with decreasing intensity farther from the surface, as expected. After
three months all samples except Daramic were less resilient. These were
the only observable changes, and were no different after twelve months;

Weight gains are given in Table IV-3. In general, the same
percentage weight gain was found for each duplicate sample after 3 and
12 months (the third sample remains on test), indicating that the Br2
uptake at this temperature all happens in the first three months.

Future studies will include more of these static tests, shorter
term kinetics studies and an attempt to determine if the Br2 uptake is
due to absorption or reduction. Tests will also include the continued
autopsies of batteries. It should be noted that in using these materials
we have not observed any battery failure attributed to failure of its
materials of construction.

IV.3.? Pumps

The pumps used for electrolyte flow are commercially available
AC centrifugal pumps with magnetic drives. Typically, these were changed
to DC motors to facilitate experimentation with varying flow rates.
Individual pumps have had nearly continuous usage for well over a year
without failure. Longer test times have not been available since we
only recently moved to 600 cm2 size batteries. We have evidenced no
material degradation within the pump heads. The only pump related problem
has been occasionally misaligned shafts on incoming pumps which, if not
corrected, can lead to premature motor failures. To date it is anticipated
that pump life will be the same as found in other similar applications
and that there will not be problems peculiar to Zn/Br2.

Earlier testing with 100 cm2 electrodes prior to Phase I, had
depended on peristaltic pumps with flexible Viton tubing. Wear of the
tubing required monthly replacement of the Viton and several battery
cycling studies were interrupted when electrolyte leaked from slits in
the Viton. These peristaltic pumps have been totally replaced by centrifugal
pumps, because of safety, reliability and higher volumetric capacity.
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Table IV-3

Bromine Absorption by Various Plastics

3 Months 12 Months "
Sample Wt. Gain wt. Gain Wt. Gain Wt. Gai n

(mg) (%) (mg) (% )

L 24-mil - Extruded 66 9 45 6
carbon plastic

2. Same as #1 - but more 245 14 336 19
carbon

3. Same as #2 - but with 186 13 318 21
add it iva

4. Same as #2- but more 206 18 113 9
carbon

5. Same as #3 - but more 370 12 241 13
carbon

6. Same as #5 - but more 213 18 190 16
carbon

7. Polyolefin 274 39 249 35

8. Polypropylene filled 118 12 148 16
polyolefin-l

9. Filled polyolefin-2 197 12

10. Fill ed polyolefin-3 204 12

ll. 20% Talc Polypropylene* 99 13
Filled polyolefin-4

12. Darami c with Oi 1 226 93 (170) (8)

13. Daramic without Oil 105 47 57 28

*9 Month Data
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IV.4 Hydrogen·Bromine Recombination

Hydrogen Production

Small quantities of hydrogen are produced during operation of
the zinc-bromine battery. The effect of this on capacity of the battery
is very small, and hydrogen production ;s merely a nuisance problem in
any given battery. In battery systems such as lead-acid, the hyrogen is
vented and water is added to replace it.

In a circulating electrolyte zinc-bromine battery, long term
effects of hydrogen production are of some greater concern. Prolonged
hydrogen production leads to pH changes in the electrolyte. Simplistically,
the production of hydrogen in the battery can be viewed as due to a
reaction of zinc with water: .

Thus, the pH of the electrolyte is increased by the hydrogen prodution
process, and can lead eventually to precipitation of zinc as oxide,
hydroxide, and oxyhalide.

Recomb inat ion

The consumption of zinc by reaction with water leaves behind
an equivalent amount of excess bromine in the charged zinc bromine battery.
Recombination of the hydrogen produced with this bromine will yield
hydrobromic acid,and neutralize the hydroxyl ions produced in the hydrogen
production as follows:

Zn + ZHZO ~ Zn++ + ZOH- + HZ

HZ + BrZ ~ ZH+ + Z Br-

ZH+ + ZOH- -+ ZHZO

The summation reaction is:

Thus, the net effect of recombination would be a small loss of capacity
equivalent to the hydrogen produced. The electrolyte pH, however, would
be invariant. Hydrogen produced in the zinc-bromine battery is swept
from cells by the flowing electrolytes and carried into the reservoir
headspaces. Therefore, the obvious location for hydrogen recombination
is in the reservoirs.

Gas Phase Recombination

Hydrogen and bromine can be combined catalytically. The free
energy of the gas phase reaction:
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is -46 KCal at 250 C. The catalyst can be chosen from noble metals, i.e.
Pt, unsupported or supported on conductive substrates such as carbon, or
nonconductive substrates such as alumina.

Experimentally, catalysts were suspended over 100 ml of synthetically
prepared "50% SOC" electrolyte (1.5 MZnBr2, 0.25 MMEMBr, 0.25M Q-14 and
1 MBr2)' in 250 ml fl asks. The gas space was purged with hydrogen and a
vacuum gauge was attached to the flask. The pressure decreased as the
hydrogen reacted with bromine, and theHBr formed dissolved in the aqueous
phase.

The location of the catalyst in the system influences the
reaction rate. The hydrogen and bromine in the gas phase at or above
the catalyst react rapidly. The reaction rate then slows and is dependent
upon the slow diffusion of bromine vapor upward from the gas/liquid
interface to the catalyst.

Interfacial Recombination

Placing the catalyst partially in the gas phase and partially
in the electrolyte, allows a H2/Br2 fuel cell type reaction. In this
case, hydrogen from the gas phase reacts anodically at the meniscus
(gas/liquid/solid interface) producing protons and releasing electrons
to the catalyst and the conductive substrate (carbon). These electrons
are plassed into the liquid/solid interface region where bromine in the
electrolyte is reduced to bromide ions. The migration of these ions
together with proton migration into the electrolyte completes the circuit.

In experiments similar to the above description, Pt black
catalyst was lowered partially into a 50% SOC aqueous electrolyte. The
pressure decreased as the hydrogen reacted with the bromine.
However, when the platinum catalyst was in contact with both aqueous and
bromine complex phases, the pressure did not decrease and the platinum
b1 9ck in contact with the bromine complex phase was chemically/electrochemically
attacked.

Earlier, in another set of experiments, cathode activation
layer (PV-l) coated carbon plastic strips were partially submerged in·
50% SOC electrolytes and streams of 7% H2 in 93%- He (for safety) were
passed over the solutions (the gas streams were preconditioned by first
passing over 50% SOC electrolytes). The aqueous phase colors changed
from orange/yellow to light yellow and the pH of the aqueous phase decreased,
indicating an increase in protons. However, under these flow conditions,
the pressure decrease was minimal ..

Thus, we have demonstrated that hydrogen can be recombined
with bromine catalytically in the gas phase, or electrocatalytically at
a gas/liquid (containing bromine) interface. More work is needed to
define optimum recombination conditions and to determine hydrogen production
levels in engineered systems.
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IV.5 Electrolyte Flow Distribution in Stacks

Electrochemical reactions, whether they are batteries, fuel
cells or electrolyzers, are frequently designed with circulating elec­
trolytes. Electrolyte circulation can improve performance by adding
reactants, removing products, enhancing mass transfer, and assisting
thermal management. Circulation offers all of these advantages in the
zinc-bromine battery and, in particular, improves zinc plating with the
avoidance of shape change or dendrites.

Flow maldistribution can be a problem, however. Most cir­
culating electrolyte designs assume a uniform flow over the electrode
face, but factors in the manifold, flow frame and electrode spacers can
cause regions of weak circulation or even "dead spots". When the flow
stagnates, the benefits of circulation disappear and conditions may
arise which lead to decreased life. Sometimes higher flow rates can
supply more circulation to "dead spots", but this requiTes higher pres­
sure drops and larger consumption of auxiliary pump power. Controlling
pressure drops can occur in exterior plumbing, common manifolds, manifold
branches or on individual flow frames, depending on the design. Modifi­
cation of controlling pressure drops can sometimes, but not always, im­
prove flow distribution. Studies of the manifold and flow manifold have
provided new insights on factors which encourage maldistribution; and
new pressure drop vs. flow rate studies are underway, the results of
which will be valuable in final system optimizations.

IV.5.1 Flow Frame Studies

A typical zinc-bromine battery flow frame is shown in Figure
IV-l'. Electrolyte enters in the upper right corner from a common mani­
fold, down a manifold branch, distributes horizontally across the flow
frames, flows down through a matrix of electrode supports (i .e., Vexar e

screen - not shown), into the lower horizontal distributor, across to
the lower manifold branch and finally back into the lower left common
manifold. Common manifolds in the opposite face feed the other electrolyte
stream to an identical flow frame on the other side of the bipolar electrode.

Experimental flow frame apparatus made use of a single flow
frame held between clear plexiglas plates. Appropriate plumbing connections
supplied electrolyte at controlled flow rates. Dye tracers were used to
record flow distribution by tracing the dye front every 5 seconds with a
wax pencil directly on the plexiglas windows. For typical flow r"ates
the flow frame was traversed in 15, to 30 seconds, so that each dye injection
showed 3 to 6 progressive fronts. At these flow rates, pressure drops
were small relative to those anticipated in the manifold.

Flow st~dies with Vexar screens generally showed uniform pro­
gress of the front with no general dead spots. However, in some grades
of Vexar, the cross weave intersection is not at right angles and can
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approach 75 0 . If this diagonal bias of the Vexar favors the diagonal
bias between the two common manifolds, the electrolyte tends to short
curcuit, leaving dead spots as shown in Figure IV-12b. The opposite
diagonal bias (Figure IV-12a) gives uniform distribution. Therefore,
this "short circuit bias" can be avoided during stack assembly. Another
observation with Vexar was higher flow at the edge of electrodes beyond
the edges of the Vexar. Conversely, when the Vexar touched the edge of
the electrode, a dead spot was produced. Again, this detail can be
controlled during assembly. The most significant observation, however,
was that large gas bubbles have trouble being removed from the Vexar
matrix, even with surfactants. The horizontal portions of the Vexar act
as gas traps. These trapped gas bubbles act as points of stagnation.
Early program autopsies, after high pH excursions and/or unusual gassing,
showed nodular zinc growth around what had been gas bubbles. The elimination
of these horizontal traps seems very desirable.

Incorporating electrode spacers onto the separator has the
advantages of removing horizontal gas traps as well as reducing part
count. Both "ribbed" or "posted" designs have been considered (See.
Section 111.4.3), Posts were favored because they offer the minimum
reduction in electrode cross-sectional area, and therefore, has least
increase in internal resistance. No gas bubbles are retained using
these "posted" electrode spacers. Dye tracer flow frame studies with
posts showed a tendency to short circuit flow, leaving dead spots as
shown in Figure IV-13. As a result, the flow frame horizontal distributor
was modified to the present design in order to eliminate these dead
spots. Dye tracer studies on these ·improved flow frames arealsb indicated
in Figure IV-l3.

Ribbed electrode spacers show little gas retention and no
tendency for short circuited flow. Except for the reduced electrode
cross-section, "r ibbed" and "posted" supports are both attractive sub­
stitutes for Vexar.

IV.5.2 Manifold

With manifold shunt current protection, the diameter of the
common manifold should be as small as possible in order to reduce the
magnitude of the protective current. However, small manifold diameters
cause the pressure drop to increase, and also can lead to electrolyte
maldistribution. Therefore, one must optimize the diameter in terms of
these opposing considerations. Tunnel shunt current protection will
decouple these design considerations (Section 1.3), but a knowledge of
manifold pressure drops is still useful.

A simulated manifold was constructed to empirically study
manifold flow. This apparatus, a stack of plexiglass sheets, is shown
in Figure IV-14. The stack consisted of two alternating sheets, one
with two 3/8" holes and the second with the same two holes and an interconnecting
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Figure IV-14 Manifold Flow Simulation



- 119 -

3/8" slot. The slots simulate flow frames or cells. Each sheet was
.025 + .004 inches thick. The ends of the stack were connected to a
variable speed pump and had various pressure taps. Pressure drop vs.
flow rate were measured under various conditions. Dye tracers gave
visual indications of maldistribution. In some cases, individual channel
flow rates were measured directly by high speed photography of the dye
tracers. The effect of stack size was measured by increasing the number
of "flow frame" components. The effect of man Hol d diameter was measured
by placing a crescent shaped insert into each manifold, which effectively
reduced the manifold from 3/8" to 1/4" or 3/16". These inserts were
made from 3/8" teflon rods by using a hemispherical mill to remove approximately
circular cross-sections. Most flow studies were performed with distilled
water.

Experiments concentrated on the "U" configuration as opposed
to the "l", as shown in Figure IV-15. The "U" configuration is preferred
to avoid shunt currents in the external plumbing. Very large stacks or
small manifold diameter favored maldistribution. In the "U" configuration,
cells nearest to the flow inlet get the most flow. In the "l" configuration,
cells furthest from the flow inlet get the most flow. Figure IV-16
shows the results of pressure drop vs. flow rate for water at various
diameters and stack sizes in the "U" configurati.on. Regions of extreme
maldistribution are indicated.

A study was made to develop correlations of the pressure drop
for flow of liquid through the In/Br2 battery, since pressure drop is
one aspect affecting optimum cell design and operation. The resulting
correlations are based on the simulator, using either water or standard
electrolyte as the circulating fluid. Only the "U" configuration data
was correlated. Literature articles helped to firm up the theoretical
basis used in correlating flow distribution manifolds (14, 15).

The theoretical analysis correlates the data reasonably well
over the full range, except for some runs using standard electrolyte
with the 1/4" manifold. These runs show somewhat higher pressure drop
in the manifold, which might be explained by a small change in location
of the pressure taps and/or by a small restriction in diameter. The
theory is based on a simple picture as follows. Overall pressure drop
is the sum of a viscous flow pressure drop within the cells, plus a
turbulent flow pressure drop for the in and out manifolds. These flow
regimes are confirmed by the calculated Reynolds Numbers. Thus, the
relative contribution to pressure drop of cells and manifolds is reflected
in the slope and curvature of experimental curves for pressure drop
versus liquid flow rate. Also, the number of cells in parallel has less
effect at higher flow rates where turbulent pressure drop becomes dominant,
but the number of cells is a major factor at very low flow rates.



- 120 -

VI
I::
0

+.l
U
Q)
I::
I::
0

U

"'0

Z 0
0 4-

l- I::
<t: <tl
...J ::E:
:::J
~ N

U)

S "'0
I::

0 <tl
...J
u.. :::J
Cl =
...J 4-
0 0u..
Z

I::
0

<t: VI

~ ~

<tl
0..
E
0

U

lrl
..-

I
::::-.......
Q)
~

::l
O'l

w..

so
...J
u..

o
...J
u..

I­
:::J
o
S6 1

...J
u..

Z-
S

I-
:::> z0 -
3:o
...J
u..

N



- 121 -

The analytical approach was tested first against the experi­
mental data with water as shown in Figure IV-16. At the lowest flow
rates, pressure drop corresponds mainly to viscous flow as judged from
the slope of pressure drop versus flow rate. Similarly, at the highest
flow rates tested, turbulent flow pressure drop predominates. Since
both turbulent and viscous flow are important factors, these tests
providffia severe test of the model, and also made the analytical study
more difficult. Some test runs were made using a solution of gum in
water, and these runs define the effect of liquid viscosity on pressure
drop.

Experimental results on battery electrolyte are shown in Figure
IV-17 in three groups based on diameter of the manifold insert used.
Lowest pressure drop is with 3/8 11 diameter manifolds, as shown at the
right on Figure IV-17. The number of cells in parallel has a large
effect at ·low flow rate, but less at high flow rate. The curves also
show an increase in slope as flow rate increases, since turbulent pressure
drop becomes dominant.

Predictions of pressure drop with electrolyte were made from
data on water, assuming a 1.6 density and a viscosity ~.7 times that of
water. Predicted points are shown and are in good agreement with the
data.

At the left on Figure IV-17 are data with the smallest mani­
folds, 3/16" diameter. Pressure drop is much higher, and the slopes are
close to two, as would be expected for turbulent flow. Predicted points
are also shown on the same basis as before. The simple model predicts a
continued decrease in pressure drop as the number of cells increases,
whereas the data show a reversal. The reversal is probably due to in­
creasing length of manifolds which causes an increase in pressure drop
when the number of cells becomes large and the L/D ratio for the mani­
fold exceeds 25. Allowance for this effect can be easily added to the
model; however, it is not significant in the range expected to be of
interest for the battery.

Overall pressure drop for the manifolds (in and out) is in­
cluded at 1.3 velocity heads for all systems, with water or complex.
This assumption fits the data fairly well and is consistent with theory
and the literature. It is estimated that there is a pressure regain in
the inlet manifold of about 0.5 velocity head. At some time, it might
be desirable to refine the model by using a variable factor rather than
1.3, in order to give a better prediction of pressure drop. With long
manifolds of small diameter, it will probably be a function of L/D for
the manifolds.

Data for the 1/4 11 diameter manifolds is shown in the middle
part of Figure IV-17. -Results with water flowing are predicted well by
the simple model, but the predictions are low for flowing electrolyte.
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In addition, the experimental slopes are steeper, indicating more tur­
bulent flow pressure drop than predicted. Possibly, this could reflect
some variation in placement of the manifold insert. The data for 100
cells with electrolyte appears to be out of line, showing lower pressure
drop than with water.

In general, the mockup results seem to be consistent with
pressure drop found in operating batteries. If desired, refinements
could be added to the model to make empirical adju$tm~nt~ and to allow
for effects such as gas bubbles, etc. A generalized equation for pressure
drop in the mockup cells using standard electrolyte is as follows:

P = 55~(0) + 5(0)2
-N- - -134d4

P = Measured pressure drop, cm. Hg
~ = liquid viscosity, centipoises
o = flow rate, gallons per minute
N = number of cells in parallel
5 = liquid density, g/cm3
d = manifold diameter, inches

To convert to psi pressure drop, the above numbers should be divided by
5.9. This factor includes a correction for density difference in the
manometer legs.
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V Phase II Program

Phase II is an intermediate step in an overQll three phase
program whose goal is the delivery of an optimized stand-alone 20 kWh
zinc-bromine battery. This battery will be delivered to the contract
monitor at Sandia National Laboratories for testing and evaluation in
domestic photovoltaic applications. The principle focus of Phase II is
to serve as a stepping stone to the final delivery, by concentrating on
broadening the technology base and gaining more experience with large
batteries, in continuing the scale-up to a full 20 kWh module. The
overall time table for Phase II shown in Figure V-l is based on an eight
month period of active investigation and development followed by a final
report. Specific sub-tasks which go beyond Phase I activities are de­
scribed below.

20 kWh (X-20) Module - This activity represents the scale-up to the
ultimate storage capacity envisioned for the final Phase III deliver­
able. However, this scale-up to 20 kWh (X-20) represents more than just
two 10 kWh submodules (X-10's) in parallel. In fact, X-10 represented
considerable system improvements beyond being merely three 3 kWh sub­
modules (X-3) in parallel. The X-10, in addition to being an initiative
in multistack operation, demonstrated several new technology improvements
that had shown great promise in parametric testing but were never fully
tested at the X-3 level. These changes and the reason for their sub­
stitutions are shown in Table V-lao During the building and cycling of
X-10, new components became available, and design improvements and modifications
became apparent. The major changes envisioned for X-20 over X-10 are
shown in Table V-lb. These changes represent an additional system learning
curve by allowing for further "shakedown" of the system. Figure V-2
shows the anticipated layout of X-20. Six stacks will be run elec­
trically and hydraulically in parallel. The stacks will be fed by a
common central block which incorporates the interstack manifold for
electrolyte distribution. The stack will be located above a tray which
serves as the cover for the electrolyte reservoirs. The stacks are
spaced to allow for voltage sensors and occasional inspections. Each
stack will be composed of 52 bipolar cells, giving a nominal 80 V dis­
charge. The electrodes will be insert injection molded, alternating
with Daramic separators and Vexar support screens. The electrolyte will
be circulated by two centrifugal pumps. A reversing valve will allow
periodic degassing of the catholyte. All components for X-20 are currently
either available or on order.

Microprocessor Controller Development - Stand-alone battery operation
requi res a II smart II battery that knows how to turn on, turn off, charge,
discharge, and hold, as well as perform occasional system maintenance.
The degree of complexity and the stand-alone duty cycle seems appropriate
for low cost 4-or 8-bit microprocessor control. Because of greater
versatility and the availability of support documentation, an 8 bit
system was selected for initial development. System control inputs and
outputs will be defined and software will be developed to allow delivery
of a microprocessor controlled battery to Sandia for testing early in
Phase II 1.
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Table V-la Comparison of X-3 vs X-IO Technology Changes

Characteristic

Configuration

Electrodes

Separator

Shunt Current Protection

Stack Compression
Heat Exchange·

Voltage Sensing Tabs

Pumps

X-3A

One 52 cell stack

Compression Molded
Separate Flow Frames

Ion Selective

External Negative
Electrode

Interna 1 Bo lts
None

Pt at Anode

Centrifuga1

X-IO

Three 52 cell stacks

Injection Molded
Combined with Flow

Frames
Microporous and
Electrolyte addi­
tive

Internal Negative
Electrode

External Bolts
Tantalum Tubes

Pt at Cathode

Reversible at Catho­
lyte

Comments

Scale-up Capacity
Multistack Opera­
tion

Faster Production
Battery Tolerance
Control

Cost Effective De­
sign

More efficient opera­
tion

Faster Assembly
Contro 1 Therma 1

Bui ld-up
Accommodate change to
injection molded
electrode

S.implify Design

Table V-lb Comparison ofX-lO vs X-20 Technology Changes

Three 52 Cell Stacks Six 52 Cell Stacks

Characteristic

Configuration

Pumps

Voltage Sensing Tabs

Protective Electrodes

Heat Exchange

Interstack Manifold

X-lO

Reversible at Catho­
lyte

Pt on Cathode

Internal Electrodes

Tantalum Tubes

Flat Polyethylene
Gasket

X-20

Centrifugal

Ta at Anode
Reduce number

Improved Internal
Design

FEP Tubes

Foamed Polyethylene
Gasket

Comments

Scale-up Capacity

More Re 1i ab 1e

Eliminate Sources of
Gassing

Speed System Assembly
Easier Assembly
Better Reproducibility

Eliminate leaks
Less Expensive
Eliminate Cross Flow
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Sensor Development - Various inputs to the microprocessor controller
will require the modification or adaptation of existing sensors and
materials. Various sensors for state-of-charge (SOC) monitoring and
electrolyte pH will be investigated.

Computer Simulations ~ In order to further optimize the system perfor­
mance, a computer simulation will be developed. It will describe both
cell electrochemistry and system interactions, in particular, auxiliary
power requirements for shunt current protection (manifolds and tunnels)
and pumping power. The model will furnish a firm basis for comparing
system modifications in terms of changes in electrolyte properties,
separators, flow rates and system dimensions. This should facilitate
both additional improvements in system performance as well as allow
tailoring of the zinc-bromine system to specialty applications.

Electrode Scale-Up - Present electrodes based on 600 cm2 active areas
and present operating parameters, require six stacks to achieve 20 kWh
capacity. Recent cost studies (Section 1.2) showed that significant
stack costs were associated with the ends of each stack, i.e. the current
collectors and the protective electrodes. An additional scale-up to at
least 1200 cm2 electrodes is planned. This will reduce the number of
stacks, thereby improving system cost by reducing the external plumbing,
electrical connection and end-of-stack costs.

Extended Automatic Life Cycling - Two automated life stations are being
constructed to allow continuous, round-the-clock testing of bipolar
parametric batteries. This will allow the more rapid accumulation of
life cycle data and provide experience in automatic control, to guide
development of the microprocessor controller.
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VI Deliverable Batteries

The Phase I work statement called for the delivery of two (2)
battery systems ~s part of the contract effort. The first deliverable
was a 12 V (8-ce11), 500 Wh system, such ~s the one described in Section
IV, and was due six months after the start of the contract period. This
battery system was delivered to Sandia Laboratories in September of
1980, as scheduled. A detailed operating manual formed a part of this
package. .

The second de 1i verab le was a 30 V (20-ce 11 ), 1250 Wh battery
system, similar in design ~nd construction to the larger (52-cell) units
described earlier. Because of the higher operating voltage, the system
included shunt current protectio~; A complete description of the system,
along with photos and schematic diagrams, operating instructions, and
parts lists was submitted as an Operating Manual under separate cover.
This deliverable, which was due"at the end of the contract period, was
delivered in April, 1981, as scheduled. .

The12V battery has been under cycle t~sting at Sandia Labora­
tories. A summary of their first 100 cycle test results is included as
Appendix 4.
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VII Conclusions from Pha~e I

Phase I is now complete, and all specified program tasks have
been accomplished. In many areas, progress has exceeded our original
goals. With the experience gained during Phase I, we are confident that
the remaining tasks in Phases II and III can be completed in a timely
fashion, and that a stand-alone Zinc-Bromine Photovoltaic Battery can be
delivered to Sandia at the conclusion of Phase III. Some concluding
comments on specific accomplishments and some thoughts, for the future
are given below:

VII.l Cost Effective Design - Successful commercialization of any ad­
vanced battery system will require that it is cost competitive with its
existing competition. Our recent manufacturing cost estimate is based
on a better defined system and. on more actual plastic fabrication experience
than our previous estimates. In many areas, present estimates are still
conservative. Of course, more work remains to be done to tie down auxiliary
costs and indirect manufacturing costs. All factors considered, at the
present state of technical demonstration and manufacturing development,
we feel that Exxon's zinc-bromine battery is a cost effective advanced
battery candidate. This is an important asset as advanced markets develop.

VII.2 Forgiving System - Batteries based on zinc and bromine have many
forgiving characteristics and an inherent system resilience which pro­
mises long cycle life .. With circulation, zinc plating is flat and uni­
form. But, even if the plating changes, a slight excess of BrZ permits the
complete discharge of plating mistakes. The electrodes do not interact
with the active zinc-bromine so shape and morphology changes are ruled
out. Overdischarge and overcharge are tolerable. Bromine complexing
agents improve plating and reduce HZ evolution. Hz/Brz recombination
should allow pH invariance. The bipolar structure and resistive mem-
brane also stabilize uniform plating. These and other forgiving aspects
have combined to make recent scale-ups to 600 cm2 electrodes and multi­
stack, multi-kWh demonstrations relatively trouble free.

VII.3 No Clear Life Limiting Mechanism - Recent expansions in cycle
life, particularly in the 3 kWh (X-3A) submodule, are encouraging in
terms of short range system life limits. Longer range studies of in­
dividual components in the stack and in the electrolyte have yet to show
any clear life limiting mechanism. Problems have occured in earlier
designs from electrolyte maldistribution, but these occured during ini­
tial cycling and seem to be eliminated by the new flow frame design and
the increased uniformity of injection molding. Shunt current problems
are under control. Microporous membranes show better long term sta­
bility than ion-selective materials, in addition to being more cost
effective. Electrolyte pH increases have limited several earlier system
life cycle studies, but the mechanisms are now known and seem easily
controllable, particularly with Hz/BrZ recombination.
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Extending system life can be like peeling an onion. Cutting
away each outer layer exposes a new one. More component testing and
automated life cycle testing are the only ways to speed extension of any
system's proven cycle life. These areas will be given more effort during
Phase II. Until some clear failure mechanism is identified, the ultimate
system life is diffic~lt to predict but perhaps life w~ll be predictably
long. '

VII.4 Rapid Progress - Substantial progress has been made during the
last two years. Electrode scale-up from 100 to 600 cm2 ~nd sy~tem scale­
up from a three-cell bipolar stack to a shunt protected 10 kWh submodule '
have remained close to schedules. Because of this progress, Exxon's
circulating zinc-bromine system has become leading contender among advanced
battery systems, for a wide variety of applications.

VII.5 Multimarket Strategy - As a project evolves from research to
development to commercialization, the required talents, perspectives and
pressures change. Adaptability is essential to survival. In evolving
markets, timing can be as important as performance specifications and
costs. Costs and performance projections for Exxon's circulating zinc­
bromine battery are attractive. However, the timing of the photovoltaic
storage market depends on many factors, foremost among which is the cost
of solar power. This factor makes the projected timi,ng of the solar .
storage market uncertain.

Fortunately, the zinc bromine battery's performance (See Sec­
tion I.l), is also suitable for advanced applications in bulk energy
storage and electric vehicles. These applications are presently limited
by the lack of a suitable battery rather than by peripheral or support
technology. Both of these applications have uncertainties, but the
timing and scale of their markets are more easily predicted than the
solar case. The present Exxon zinc-brominesystem'could be readily
adapted to these other applications with minimal redesign. In terms of
developing the timing of market strategies, this broad adaptability of .
the zinc-bromine system is a major asset. Commercialization with this
multi-market strategy, in terms of cash flow, rates of expansion and
return-an-investment, offers Exxon's zinc-bromine battery more flexi­
bility in timing than some other advanced batteries, which are suited to
only single applications.
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APPENDIX I

Advanced 20 kWh Design Calculations

The design for X-20 was based on the following parameters:

• Net output - 75 mAh/cm2 at an average discharge of 1.55 volts/
cell.

• Electrolyte composition - 3M"ZnBr2 and 1 Mquaternary amine bromide
complexing agent. - specific gravity 1.6

• Electrolyte utilization - 70%

• Coulombic efficiency - 80%

• Auxiliary energy discharge - 5% of capacity

• Apparent state of charge, SOC, - 70% of the total zinc in electrolyte

• Apparent loading ~ 94 mAh/cm2 "

• Average charge voltage - 1.9 volts/cell

• Average discharge voltage - 1.55 volts/cell

• Discharge time -- 3 hours at 25 mAh/cm2

• Charge time - 3 hours at 31 mAh/cm2

• Gross output - 21.05 kWh during 3 hours

• Net Qutput - 20 kWh during 3 hours

• Output conditions - 75 mAh/cm2 at 1.55 volts average for 3 hours

• Peak power - 26 kW

The quantity of zinc bromide electrolyte needed for a given Zn/Br2
battery system can be calculated as follows:

Liters = kWh (1000)
Vd(F)(F/M)(M/L)(U)(E)

where: '

kWh = gross kilowatt hour capacity of battery

Vd = average discharge voltage per cell

F = Faraday = 26.8 amp-hours/equivalent

F/M = Faradays per mole; for zinc, 2

M/L = moles per liter of zinc

•
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U = utilization of electrolyte (state of charge)

E = coulombic efficiency

The weight of electrolyte is the product of electrolyte volume and
its density.

Weight of electrolyte = (liters) (density).

The volume and weight of electrolyte can be minimized by increasing
the discharge voltage, concentration, utilization, and efficiency on discharge.
These, however, are not independent variables and must be determined or fixed
for specific conditions.

Using the above formulas and with coulombic inefficiency assigned to
discharge, the volume of electrolyte is 150 liters and the weight is 240 kg or
530 pounds. The electrolyte net energy density terms are 133 Wh/liter or 2.2
Wh/in 3 and 81 Wh/kg or 38 Wh/#.

The battery construction is shown in Figure 0.3. The weight estimates
are given in Table A-l. The conservative estimates of volume and weight yield
1.41 Wh/in 3 - 1.8 Wh/in 3 and 28.5 Wh/# or63 Wh/kg .
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TABLE A-l

BATTERY WEIGHT ESTIMATES FOR 20 kWh DESIGN

Component

Electrolyte *

- Bipolar Electrodes (157)

Separators (156)

Separator Frames (156)

End-Support Block (2)

Center Feed Block

Reservoir

Reservoi r Tray

Accessories

t'!ei 9ht (pounds)

536

31

5.2

41.6

8.3

8.3

12-.9

3.0

Tie Rods, Nuts, Washers 3.0

Motors &Pumps 25.0

Miscellaneous Controls 8.0

Bus Bars &Miscellaneous Hardware 10.0

Plumbing &Miscellaneous 10.0

702
Additional for EV 10

* Electrolyte w~ight and volume based on present operational parameters.

•
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APPENDIX 2

Costing of 20 kWh Battery

INTRODUCTION

The major factor in the utilization of any battery system is the
initial battery cost. Another important factor is the battery life as
measured by cycle life (number of cycles and the character of the cycle).
The power density, energy density, and overall or 'round trip' efficiency
are also very important considerations. (The relative importance of these
factors varies with the actual battery use and the design is often dictated,
at least in part, by this desired battery use).

TWO STACK - 20 kWh ZINC BROMINE BATTERY

BATTERY CONSTRUCTION

The battery module shown in Figure Al uses basically an all
plastic construction. It consists of two stacks of 78 separator and frame
assemblies alternating with 77 bipolar elect~6des. At each end of the 78
cell stacks are the collectors, 'one anode and one cathode collector for
each stack. The collectors are alsa made of plastic and incorporate conductive
plastic electrodes with metallic screens for current tollection. The two
stack module is assembled on a tray whith s~rves ~sa cover for the electrolyte
reservoir. The electrolyte pumps (pump heads) are within the reservoir
while the DC motor drives (operating from the battery itself) are external
to the reservoir. The configuration shown is designed for motive power.
For bulk energy storage or solar (photovoltaic) use, the cover, inner
tray and safety shield 00uld not be required. The tray and shield serve
to confine the catholyte in the event of a vehicle collision where the
electrolyte tank might be ruptured. For stationary systems the base
tank (reservoir) would incorporate a divider to separate the catholyte
from the anolyte. Each stack has a nominal 120 V DC output. The battery
stacks are wired in parallel. The electrolytes (anolyte and catholyte)
would be fed by the pumps up through a center plastic 'feed' block between
the two battery stacks. No external plumbing would be required. All
the stack components other than the four reinforcing corner tie rods and
the metal screen collectors are of compatible plastic and simple heat
sealing of the top, bottom, and sides provides sufficient strength and
sealing of battery surfaces.

BIPOLAR CELL CONSTRUCTION

Each cell consi'sts of two components, the electrode and separator.
The bipolar electrode, a thin sheet of electrically conductive plastic
with a non-conductive border, has a catalytic surface on one side. The
entire electrode can be extruded and coated with the catalytic layer.
Alternating with the electrode is a thin sheet of a microporous plastic
serving as a separator. The separator is held in an injection molded
plastic frame. Manifolds providing for the electrolyte flow are incorporated
in the frame.
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_ Base Tlnk (Support)
IAnol1te ReservoIr)

Figure A-1 20 kWh Zinc Bromine Battery
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The 20 kWh battery as described has electrodes with about 1200
cm2 active areas, double the active area in present prototype batteries.
The scale-up is considered moderate. and no problems are anticipated.
The present 600 cm2 electrodes, scaled up from the original 100 cm2
electrodes, have been extensively tested in .5, 3 and 10 kWh submodules
and have shown no scale-up problems.

BATTERY COSTING ANALYSIS

A study of direct factory costs to produce this 20 kWh design
was conducted at various production rates. The costing methodology
assumed an assembly type operation where most of the components would be
purchased from outside vendors. Estimates of purchased components are
based on present quoted costs of machine and operator. Accessory items,
not yet fully defined, (pumps, controllers etc.) are best estimates.
In-house factory labor estimates are based on station by station time
estimates as anticipated after the second or third year of operation
when the problems of an initial start up have been solved. In-house
labor consists primarily of the assembly of battery stacks, the attachment
of the stacks to the reservoir, installation of accessories and final
testing of the assembled module.

The assembly plant approach has certain advantages and dis­
advantages. Quotes from experienced vendors are likely to be more re­
liable than in-house estimates of component fabrication, so that uncer­
tainties in the cost estimates are reduced. In limited production,
extensive use of outside vendors" is likely because this approach reduces
capital and labor requirements where full time production personnel are
not required. Thus capital, labor and space are only required for the
final assembly.

The "assembly plant" approach however, tends to be conservatively
high for large scale production estimates. Dependence on several outside
vendors would require higher inventories and more lead time for coordinating
production. In large scale production, plastic fabrication machinery
(the largest capital expenditure) could be occupied full time. There-
fore a shift to total in-house production would undoubtedly reduce costs
by eliminating intermediate overhead and profits as w~ll as inventory
requirements. Future studies will investigate a more integrated in-
house plastic fabrication approach.

The term "factory cost" includes most direct charges for assembly
of 20 kWh units. It does include required raw materials, purchased
components, accessories, direct labor costs, worker benefits, quality
control and supervision. It does not include indirect charges such as
inventory costs, depreciation of plant and equipment, working capital,
tooling, sales and general administration costs, development costs and
return on investment (ROT).
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An overview of the factory cost study for this 20 kWh battery
indicates the factory cost to be $28/kWh at a production rate of 100.000
units per year (1980 dollars). Various indirect costs as described
above need be added to arrive at the selling price (OEM). Figure A-2 is
a 'pie chart' cost breakdown showing the major costs such as purchased
stack and reservoir parts. accessories. electrolyte and in-house labor.
The low in-house labor percentage reflects the assembly plant viewpoint
since labor is required only for final assembly. Additional labor and
overhead are included in the cost of purchased components. A more com­
plete breakdown is shown in Table A-2. Major cost items are the battery
stack components (bipolar electrodes. separator assemblies and current
collectors) and the electrolyte. Detailed cost analysis of these items
follows.

Bipolar Electrode These are fabricated by co-extruding carbon plastic
sheet 11-1/4" wide with side borders of non-conductive plastic 2-3/8"
wide. A layer of conductive-high surface area material is applied to
the carbon plastic area. Total cost of the Bipolar Electrode will be
about $0.15 each. plus or minus $.02. depending upon the final process.
An additional $.01 is add~d for acid cleaning and handling. At battery
production rates of over 1.000/year, the extruded materials above would
be applied continuously and the extrusion would be pierced and blanked
continuously. For a 20 kWh battery. 154 bipolar electrodes are required.
At an estimated 2% rejection of material. 157 electrodes will be considered.

Normal 2-1/2'1 extrusion machines can produce 300 lbs/h. Be­
cause of the high viscosity of carbon plastic and the co-extrusion pro­
cess. it is estimated that 100 lbs/h is more feasible. Machine and
operator cost is $33.00/h. Five hundred parts per hour would thus be
produced.

*Material per electrode

Labor - Extrusion
(Outside purchase)

Tota 1 Cost/Un it

Total Cost/Battery
(157 pieces)

$.178

$.066

$.244

$38.30

* Includes added factor
of 5%

- Separator Assembly The separator assembly consists of a non-conductive
plastlc frame injection molded around a Iseparatorl insert. The insert
is 11" x 16-3/8" X .024" thick Daramic with numerous 'posts' (average
thickness •. 027"). The separator stack is purchased on rolls 11-1/2"
wide. A length of 17" is allowed for blanking (1.36 ft 2 required per
un it) . Based on 1979 pr ices for .010'1 separator mater i a1 of $. OS/ft 2,
the .024" material would be approximately $.12/ft2, or $.163/unit. Pierce
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TABLE A-2

TOTAL FACTORY COST -
20 kWh ZI NC -BROMI NE .BATTERY

~ipo1ar Electrodes
Current Collectors
Separator Assembly

(Inc. outside labor)
End-Support Block Assembly
Center-Support Blocks

(Inc. outside labor)
Reservoir
Reservoir Tray
Battery stacks - Tota 1 .,

Electrolyte Pump
Electrolyte Pump Motor
Isolating Drive System
Protective Electrode System \
Pump Pressure S~nsor

Electronic Control Board
Electrolyte Level Sensor
State-of-Charge Sensor
Voltage Cut-Out
Temperature Probes (3)
Hydrogen Recombi'nation
Plumbing & Fittings
Bus Bars - Tie Rods &Hardware
Batt. Access., Controls, Etc. - Total

Electrolyte
Packaging &·External Case
Materials - Total
In-House Labor

Factory Cost Total, $/Unit
Factory Cost Total, $/kWh

38.30
28.20
77 .44

10.52
10.36

8.59
2.95

T76.36-

24.00
16.00
10.00
10.00
4.00

12.00
.2.00
4.00
1. 50
3.00
2.00

10.00
20.00

118.50

200.00
18.49

513.35
47.75

561 .10
28.05
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&blank operations produce 1800 pieces per hour. 1~6 pieces are required
plus 4 rejects - totalling 160 pieces. The frame is .075" thick and is
14-1/2" high x 18" wide.

Frame Volume = 7.42 in 3
Frame Weight = .256 lbs.
At $.45/1b, Base Material Cost (Frame) = .115 + .163 = $.278/Unit
- Talc-Filled PP is assumed @$.45/1b.
- Molding Costs (outside) are assumed to be a two out operation at
1,000 batteries/yr., or more. Machine and operator at $23.00/hr. Cycle­
time is estimated at 60 seconds.

*Material (Frame & Insert) $.292 *Includes added
factor of 5%

Labor (Outside Purchase) $. 192

Total Cost/Unit $.484

Total Battery (160 Pes. ) $77.44

Current Collectors Anode and cathode collectors are similar, except
for the coating on the cathode. Each collector would be a 'sandwich l

structure, consisting of a bipolar electrode, a silver-plated 'expanded '
lead foil, and a plastic backing sheet. 3.9 oz. plastic(.030" x 14-1/2"
x 18") at $.42/1b costs $.103 each. The lead sheet (.015" thick) would
be expanded 3: 1 (.005" equivalent). Si lver plating would be .0003" both
sides and around strands.

Mat' 1. Labor

Silver
Lead Foi 1
Expanding Foil(outside)
Plating Ag. (outside)
Bipolar Electrode
Laminating Electrode-
Compression Mold
@ 30 pcs./h

6.31*
. 15
.20
. 15
.24

$.50
*(Based on $22./ (In-house

troy oz.) Operation)

Materi al/Unit
Material/Battery
In - house Labor
per Battery

7.05
28.20

$2.00

- Electrolyte The standard electrolyte is 3M ZnBr2 and 1M quaternary
ammonium bromine complexers which is 70% utilized at 80% coulombic
efficiency in this design. Zinc bromine solution production costs
from zinc dust and HBr are $.46/1b of contained salt. As a check,
this compares favorably with zinc chloride solution which is commercially
made from zinc oxide and Hel. Quaternary ammonium halide quotations
have been given in the range of $l.OO/lb. This leads to a conservative
electrolyte price of $200.00 for this battery.
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Zinc-Bromide Salt 241 lbs @$.46/1b
Quaternary Amine Halide 75 lbs @ 1.00/lb
De-Ionized Water plus handling

Cost per Battery

CONCLUSION

=
=
=

$110.00
75.00
15.00

$200.00

Future work on Exxon's Zinc-Bromine Battery will focus on
extending the demonstrated system life via automatic testing as well as
a scale-up to the large 12 dm2 electrodes. Basically the present design
is highly cost effective in terms of $/kWh. This is due to the exten­
sive use of plastics in the battery structure, particularly plastic
electrodes, and the intrinsic low cost of zinc and bromine. This cost­
ing reflects a higher degree of system definition than previous studies
so that the cost estimates much more realistic than in earlier studies.
The present costs are sufficiently low so that redesigns aimed at fur­
ther cost reductions have a very low priority.
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APPENDIX 3

ANALYSIS OF SHUNT CURRENT ELIMINATION METHODS
IN ELECTROCHEMICAL SYSTEMS HAVING COMMON ELECTROLYTE

Electrochemical cell systems can have many cells connected
in series to make a high voltage device as shown in Figures A-3a and
A-4a. In many systems reactants are supplied to the cells from a
common manifold system. The cells are connected to these manifolds
by channel/pipes. The products are removed from the cells by another
set of channels and manifolds.

Circulating electrolytes are used in these systems for
ease of addition of reactants and removal of products, uniformity
of reaction at electrodes, uniform plating and thermal management.

These advantages outweigh the hydraulic complexity.

In these systems, however, there are shared or common
electrolytes. The common electrolyte form a single physical continuum
through each cell through the common manifold containing shared
electrolyte through individual cell channels. The common electrolyte
provides alternate current pathways for the system current to shunt
around cells during charge or to self-discharge by shuntage during
open circuit or discharge.

Currents supplied to or removed from the electrochemical
device will, in part, shunt or bypass the cells through the common
electrolyte.

This shuntage causes:

•
•
•
•
•
•
•
•

non-uniform distribution of cell capacities
non-uniform current densities
maldistribution of products
contamination of products
corrosion of electrodes
irregular plating
safety hazards
power loss

These problems have hindered the development of high
energy density, low cost batteries and electrochemical reactors.

The effects of the shuntage currents can be eliminated by
the passage of an appropriate current through the common electrolyte
manifold, Figure A-3b or through interconnections between the channels
Figure A-4b. These interconnections are referred to as tunnels.
The resistances of the tunnels may be uniform or they may, as seen
later, be progressively increased towards the middle of the system
of the series of cells and then progre~sively and symmetrically
decreased. This approach is called tapering or tapered tunnels.
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The tunnel approach, while more complex, requires less
power than the manifold approach.

Manifold Protection

The analysis of the shuntage in common electrolyte systems and
the derivation of the shunt current elimination equa~ions followed from
a resistance equivalent circuit model of a~electrochemical device with
common electrolyte, Figure A-5a.

The shunt current model was developed with the assumption that
all of the cells in the device are identical. Based on this assumption,
the governing circuit equations were written as linear, constant coefficient
difference equations for which general closed form solutions were obtained
for currents in the electrolyte within the cells (intercells), within
the channels and within the manifold (shared electrolyte). Because the
channel resistance was found generally to be much larger than the manifold
and intracell electrolyte resistances, approximate algebraic solutions
were also developed. It was demonstrated that a single externally imposed
current passed from the last cell to the first cell through the manifold
can result in minimization of shunt currents and, optimally,
may effectively set all channel currents to zero.

Each cell was mod~led as an ideal voltage source Vo equal to
its open circuit potential, in series,with an intracell electrolyte
resistance Re . Then, as shown in FigureA-5a the current throuah the
electrodes divided so that some current passed through each cha~nel into
the manifold (shared electrolyte). The variables used in Figure A8a are
as follows: .

Rm = manifold resistance;
Rc = channel resistance;
Re = intracell electrolyte resistance (including internal components

such as separators and membranes);
Vo = open circuit cell voltage;
V = actual cell voltage including ohmic voltage drop;
in = the principal electrolyte current through the nth cell;
jn = the channel shunt current through the nthchannel;
kn = the manifold shunt current through the manifold between

the nth and the nth + 1 channels;
ko = the current through the manifold needed to reduce shunt currents

to zero; and
= the total terminal current through the electrochemical device.

As shown in Figure A-5a the electrochemical device is
illustrated schematically and contains cells 4, 6, 8, 10, 12,
and 14, electrically connected in series. Current I passes through the cells
from end plate 16 to end plate 18. Common electrolyte (not shown) forms
a single physical continuum through each cell via common manifold 20,
containing shared electrolyte carried in parallel to each individual.



.., ':

- 149 -

18

!+vo
10

. .
t------.J J'"Yl J11+I ~-.J.

11'1+1

!+v;
8

!+v~
b

+v­
o.J

4

Ib

I

Figure A-5a Shunt Current Model

ko
R"Wl

K",..;I kl1 k11+1
RC Rc. RC RC.

J 1 J'Yl-\ J"YI J1'l+\

to RT
1

RT2 RT"YI_I RT1'l RT"Yl+1

tl t2 t,,-I tl'l t,,+1
RL RL RL RL RL RL

fl t'F1-1 t'YI tn+1.
\'Yl+lI 111-1

F;gure A-5b Tappred Tunnel Shllnt Network



- 150 -

cell by channel s 24,26,.28, 30, .32, and 34. The resistance of the
electrolyte in each cell is shown as Re. The resistance of the manifold
is shown as Rc . The currents in, jn and kn, as defined above, are also
illustrated.

Each electrolyte section was modeled with its appropriate
resistance. Kirchoff's current and voltage laws applied at the nth cell

. requires:

in-l in ;: jn •( 1).

kn-l ~ kn ;: -j n (2 )

kn- 1 Rm - Rc(jn -jn-l)-in~l Re ;: Vo (3)

Similarly, Kirchoff's current and voltage laws applied at the
n + 1 cell requires:

(4 )

Then by substracting (4) from (3) the terms involving the i IS and k's
just equal jn from (1) and (2) so that a single equation for the channel

. shunt currents is obtained:

jn+l - B jn +jn-l;: 0

wherein B is equal to 2+ (Re + Rm)/Rc '

(5)

Just as linear constant coefficient differential equations have
exponential solutions, linear constant coefficient difference equations
as in (5) had power law solutions of the form:

(6 )

wherein A is the amplitude and ~herein the characterist.ic parameter
(analogous to natural frequencies in continuous systems described by

differential equations) was found by substituting the assumed solution
of (6) back into (5): .

AAn- l [A 2 - BA + lJ ;: 0 (7).

For non-trivial solutions (A 0, A 0), the bracketed term
in (7) must be zero:

A :;: B/2 .:!:. (8 )

Note that the two solutions in (8) are reciprocals of each other:

B/2 + . j(B/2)2 - 1 ;:
8/2 - (B/2)2 - 1

(9)
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Because (5) is linear. the most general solution was a linear
combination of both allowed solutions:

jn = AlAn + AZ>--n (10)

where>- is either root in (8).

The amplitudes Al and AZ were evaluated by the boundary conditions.
By symmetry. the current in the first cell jl = J had an equal magnitude
but opposite direction to the current in the last cell. jn = -J. Thus:

j 1 = J =A lA + Ail- - 1

jN = -J = AlAN + AZA-N

( 11)

( 12 )

AZ = J >- (A +AN)
AN - . A~N+Z

channel currents were:

with solutions:
_ - J (1 + A -N - 1)

A1 - "\ N .. -N+Z
1\ - A .

Applying algebraic reduction. the

. _ J [_, n.,."\ N-n+1J
In - fiL- 1\ 1\

A A

At this point, J was not yet known. However. jn was used
in solving equations (1) and (2). Focusing attention on (1) the homo­
geneous solution was first found by assuming jn as zero. Assuming
power law solutions. the natural solution was a constant:

in-l -in = 0; in = Apn

Apn-l (l-p) = 0; P = 1; in = A

( 13 )

(14 )

The driven solution must have the same power law dependence
as the jn and so were of the same form as (10) . The total so 1ut i on
was then:

in = I + JA [An + AN-n - 1- AN ]
(A N_ >-) (A - 1) (15 )

where the constant A in (14) was adjusted so that i o = I. where I is
ther terminal current. Under open circuit conditions. I = O. When
the battery is being charged. I is positive; while under load. I is
negative.

Similarly. the mani.fo1d shunt currents were:
JA [,ntAN-n_l_,N Jkn = ko - 1\ 1\ (16)

(AN -A) (>..- 1)

where the initial manifold current ko was yet unspecified.
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The important parameter J, which is the first channel current
was not yet known. SUbstituting (13), (14)~ (15), and (16) in (3) for ~ny
value of n and ev~luating at n = 2, yields (17) or (18)*:

T·

J = ~o~J.Be--=-..lo-B.m -- ..._ (17)
Rm + Re + Rc(A-l) (A N- l +A)

(AN - A) "-

J = (~o + IRe - koBml (A N - A ) (A - 1) (18)
A (Re +~ (1 + i\ N)

The foregoing equation (17) or it~~ltern~tive equivalent
form (18), revealed that J could be modified~if ko had.a value 6ther
than zero. If J, the shunt current in the first branch channel, was
reduced, then the jn's (equation (12)) were reduced. If ko had a value
such that:

ko = 'io + IRe . ( 19 )
Rm

then J was zero and 1ikew i se all the jn's were zero.

In. this condition, equations (12) , (15 ) and ( 16 ) reduce to:

in = I , kn = ko; jn = 0 (20)

Thus, t~e foregoing suggested that the passage of a single
protective current through the shared electrolyte in the manifold,
in a device similar to that in Figure A-3a, might minimiz~(reduce or
eliminate) shunt or leakage currents.

The direction of this'currentisthesam~ ~s the unprotected
kn currents, i.e. the shunt current through the sh~red electrolyte.

It can also be seen from the above equations and the model
in Figure A6a that when a ko equal to that defined in equation 19 is
passed through the shared electrolyte, that the voltage at each junction
of the branch channel and the shared space is equal to that cell voltage.
Thus, when the vo ltage drop through the branch channe 1 is zero, there
is no current. The voltage through the branch channel is nulled.

However, the voltages in the branch channels are not nulled
when ko is different from equation (20). Nonetheless, the shunt currents
in these channels were reduced by applying some protective current
and this was found to be useful in practical electrochemical devices
wherein an exact ko from equation (20) was not feasible.

From the practical standpoint, the utility of the foregoing
approach required a non-zero Rm. Furthermore, the utility was enhanced
by geometric effects which increased the magnitude of Rm. Such effects
could be increasing the length of the shared electrolyte space between

*The equality of equations (17) and (18) can be shown by setting the right
hand portions of (17) and (18) equal, and then solving for (Re+ Rm)/Rc .
Then one substitutes (A 2-1)/).. for (Re+ Rm)/R c. This is derived from
A2 +BA-l = 0 (equation (7)) and B = 2 + (Re+ Rml/R c equation (5).
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cells and a reduction of the cross-sectional ar~a of the shared electrolyte
space. The ratio of the protective current to the current of the electro­
chemical device was thus reduced when the ratio of Rm/R e was increased.
Hydraulic factors, however, should be considered, in particular with
circulating systems, and design compromises made between flow of electrolyte
and the passage of current in the shared space may be appropriate.

The foregoing analysis assumes a model in which the values
of Rm, Rc , Re , and Vo are the same for all cells. However, in a practical
device, these values will be determined by system geometry and manufacturing
tolerances. It is obvious, however, even in such cases, that the passage
of protective current through the shared electrolyte will modify and
reduce currents in the branch channels, although in such cases absolute
nulling may not be accomplished.

Thus, to summarize, shunt currents (and their effects) can
be reduced or eliminated by a passage of a current through the manifold
electrolyte (in the same direction as the shunt currents) and the passage
of this current will be accompanied by a voltage drop down the manifold.
The voltage difference between the cells. through the channels to the
manifold will be reduced, and, as the current is increased, the voltage
difference approaches zero. (At sufficiently large cUrrents through
the manifold, the voltage difference through the channels becomes negative.)

The shunt currents from the cells through the shared electrolyte,
as the voltage difference is nulled, become smaller and are eliminated.
It follows that the power requirements for the reduction or elimination
are determined by the resistance of the manifold and are independent
of the resistance of the channels. The power requirements (P) for
the protective current through the manifold directly above the N cells
in a series of cells is approximated by:

P = (NV)2
NRm

or simplifying P = NV2/Rm (21 )

where N is number of cells, V is the cell voltage and Rm is the resistance
of a single manifold segment.

Tunnel Protection

The power requirements for reduction of shunt currents can
be markedly reduced by adding connecting tunnels between the individual
cell channels. The protective current is applied at the ~unction of
the tunnel with the first channel and at the junction of the tunnel with
the last channel so as to pass through the connecting tunnels. The power
and current requirements are lower, the closer the tunnels are to the
junction of the channels to the cells. Optionally, additional protective
current may also be inserted in til;::> manifold via ko, cc: dPc;irpd. Th'1c:,
it ic rossib 1o ~o operate wlth ko equal to zero and to thereby achieve
or approach total shunt current elimination.
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The resistor network for this system is shown in Figure A-5b.
The variables are as follows:,

Re = intrace11 electrolyte resistance;
Rc = channel resistance;
Rm = manifold resistance;
RT = tUnnel resistance;
RL = leg resistance; .
ro = tunnel input current needed to minimize shunt currents;
t n = tunnel current;
1n = leg current;
jn = channel shunt current
kn = manifold shunt current;
in = cell current;
Vo = open circuit cell voltage;
I = total terminal current

The electrical circuit of Figure A8b will be used to develop
an analysis for two electrochemical devices shown in FiguresA.J5 and A-7.
Where app 1i cab 1e, 1i ke elements are provi ded with the same num,eri ca 1 and
alpha-numerical designations in Figures A-6 and A-7. While the manifolds
of FiguresA-6 and A;'7 are shown beisng fed at mid-portion thereof, it is
to be understood that they could easily be fed at either or both ends.

Referring to Figure A-6, a dual electrolyte (ano1yteand catholyte)
mu1tice11 battery device is featured wherein protective currents are
introduced to tapered tunnels lOla, 101b, 101c, and lpld, respectively,
via electrodes 102a, 103a, 102b, 103b, 102c, 103c, and 102d, l03d, respectively.

The protect i ve current in Fi gure A-6 is preferab ly introduced
into tapered tunnels lOla, 101b, 101c, and 101d, respectively, at the
junction of the tunnel lOla with the first and last channels l04a and
l04aa, respectively; tunnel 101b with the first and last channels 104b
and 104bb, respectively; tunnel 101c with the first and last channels
l04c and 104cc, respectively; and tunnel 101d with the first and last
channels l04d and 104dd, respectively, of the manifold and channel network
illustrated in Fi gureA-6 ..

The electrochemical device generally comprises a plurality of
cells (typical in which anolyte and catholyte are respectively circulated
through respective cell compartments). The cells are electrically connected,
at least in part, in series, and fluidica11y communicate in parallel via
a plurality of typical channels 104 which are fed by respective manifolds
106a, 106b, 106c and l06d, respectively.
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The protect ive .turreht'~,;i nto t~~: t,u;'n~j:~;passes through the
electrolyte(s) in the channels,J04 :abovetLinrie}s"lOla and 101b, and
below the tunnels 101c and 101d; 'iii: addition fo;ine manifolds. In the
case where the tunnels coritain eiectrbiyfe(s) tH~ protective current
will also pass through the tunnels.

The tunnels 101aa, 101bb, 101cc, and 101dd of Figure A-7 are
resistively tapered and do not contain electrolyte(s), as shown for
Figure A-6. In the device of FigureA.~},the tunnels 101aa, 101bb, 101cc
and 101dd are not part of the electrolyte system and may contain a plurality
of solid resistive elements or segments 105, which elements are defined
as one of the following: a salt bridge; an electronic conductor or
resistor; an ion-exchange membrane; or a porous plug with ionic conductors,
etc.

The only requirement for the tunnels is that the tunnels be an
ionic or electronic conductor. The segments 105 are distributed along
the tunnels 101aa, 101bb, 101cc and 101dd as between the channels 104,
and have an increasing resistance as they approach a mid-portion of
their respective tunnel.

Where the device contains electrolyte in the tunnels as respective
devices in Figure A-6,the conduction is ionic throughout the tunnel­
channel-manifold system. Where the device has solid resistive elements
105 in the tunnels 101aa, 101bb, 101cc and 101dd, as between channels
104 as illustrated in Figure A-7, a redox reaction is required at some
or all of the tunnel-channel intersections in order to convert to and
from ionic and electronic conduction. Such a scheme may be most desirable
in a redox battery system. Also, with electronic conductor elements
105, it is relatively easy to add or subtract current at intermediate
points in the tunnel system. Such intermediate additions or subtractions
are more difficult in ionic conduction tunnels.

The increasing of the resistance along the tunnels to their
mid-portions in the respective devices depicted in FiguresA-6 and A-7
is for the purpose of reducing or eliminating shunt currents with
a minimum of input power. Each of the devices can be respectively
represented by the analogue resistor circuit shown in Figure A-5b and
the analytical analyses for these representative devices will be with
reference thereto.

In the case of the devices (tapered tunnels only) of Figures
A-6 and A-7 , respectively, each cell 110 is modeled as an ideal voltage
source Vo equal to its OCV potential, in series with the current resistance
product. The resistances of each tunnel segment as between the channels
(e.g., elements 105 in Figure Pr7) are chosen or defined as those which
will provide a voltage drop equal to the voltage of the cell immediately
beneath it. The small protective current passed into the tunnels via
the electrodes may be supplied by an external source or from the terminus
cells 110 of the electrochemical device shunt voltages for each cell
110. When the tunnel current "tn" is passed, it by definition will
cause the cell voltages to be equal to the voltage drop through resistor
"RTn II (Fi gure A-5b) such that:
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When this condition is met, the voltage on the channel legs 109 (Figures
A-6and A-i) between the tunnels 101 and the cells 110 is nulled, and
there are no currents in the legs 109.

The electrical resistor network·analog is. then equivalent
to Figure A-5b.

Kirchoff's current and voltage laws applied at the tunnel
loop above the nth cell requires that:

Where Vo + IRe = tnRTn = tn-lRTn-l (22)

kn-1 kn = -j n (23)

tn-l t n jn (24)

kn-1 Rm - jnRc + jn-1 Rc - tn-1RTn~1 = 0 (25)

where:

kn = manifold current in the nth manifold segment.

t n = current in the tunnel.

jn = current in the channel.

and Re, Rm and RTn are the corresponding resistances of the cell,
manifold, and a tunnel.

Incr~asing the index by one, the nth + 1 loop is:

(26)

Subtractin~ (26) from (25), the k terms equal jn and the t terms cancel,
from (24) and (23), leaving:

-jnRm - 2jn Rc + jn+lRc + jn~lRc = 0

Dividing (28) by Rc gives:

jn+l - Cjn + jn-1 = 0

where
RmC = 2 + ­Rc

( 27)

(28)
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SOLUTION FOR CHANNEL CURRENTS

Linear constant coefficient difference equations (29) have
power law solutions of the form:

(30)

where A1 can be found by substituting the assumed solution of (30)
into (29)

OA ,n - l [A 12 - CA' + 1] = 0 (31 )

For non-trivial solutions,(O = 0, AI = 0), the bracketed term
is thus zero. or.:-,

I ( '2
AI = C/2. + \ i f i - 1 (32)

,i I 2·- i I., I

For the manifold protection case. the most general solution
of (29) is a linear combination of both solutions of (32).

(33 )

(34)

The current in the first channel jl = JI is an equal magnitude.
but opposite direction to the current in the last channel jN = -JI, or:

jl = JI = 0lA I + 02 A'-1

with solutions:
___ JI (1 + A' - N+l )

01
A/N - A'-N+2

__ JIAI(A I +A'N)
02

A'N - 1t ' - N+2

From (34) and (35):

(35 )

J'jn = -:-c---

A'N _A'

From (24), as sumi ng
n

kn = ko + L:
P = 1

[A'N-n+l - A'n]

(36) :

Jilt' [It ' n + It I N- til 1 - A IN]
j P = ko - ---"'-----------"'--

(It ,N - It I) (It I - i )

(36)

(37)
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Substituting (23), (36), (37) into (26):

Vo tIRe - ktRmJ I = - ,
Rm + Rc fAI - 1) II. rI~- + A ')

A dlJ - A'
Tunnel Currents

(38)

The current in the first tunnel ,tl is given by (25):

t 1 = to - j 1 (39)

Subsequent tunnel currents:

t2 = t 1 jz = to - (j 1 +j 2) (40)

t3 = tz j3 = to - (j 1 t j2 + j 3) (41)

build on ( 17) . The general equation for tunnel currents is.:

n
t n = to - L: j . (42)

i =1 1

But, from equation 37, eq. 42 also equals eq. '43 or eq, 44. Thus,

and by rearranging eq. 45, we

(45)

(43)

(44)

N/2n =

l
A,Ntl-AIN-n_Alnl

A 'N -A' -,..
the center of the stack,

J I A'
A' - 1

A I

tN/2 = to + ko + JI ~

the current in the tunnel at
is given by (45):

(46)

Where, without loss of generality, the number of cells, N, can be taken
as an even number.

But when:

ko =

Eq. (45) reduces to (48), using eq. (38) and (39)

tN/2 = to (48)
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and eq. (46) then becomes eq. (49):

(49 )

When: o

tN/2 = 0, to = 0 and vice versa.

This value of ko in eq. (47) is that which is use.d in the
non-tunnel manifold protection system. It is relatively high current
compared to to, developed later (eq. (50) or (51)).

When ko = a the to current is given by (50) from eq. (46b

(50)

( 51 )
A'

AI _

When the resistance of the center tunnel. is ·very: large, or
infinite, the value of tN/2 is very small, or zero. Then (28) becomes,
fromeq. (37):

This .current is the minimum value to null the shuntage.

When the resistance of the center tunnel has a finite valDe,
equation (50) applies and to is larger by the amount of tN/2'

In this case, the resistances of all of the tunnels are less,
and the gradient of the resistances is not as steep.

The following expressions for the non-tunnel case wer~ del'jved above:

(52 )

and

and

(54 )

where

i, S5 )

where Rc + RL equals the "Rc", the classical case previously cited.
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When Re is much smaller than Rm, and RL is small compared to
Rc then C defined after eq. (28) approximately = (3 defined in (55) so
that A I of (32) = A (54), and the kN/2 for the tapered -tunne 1 case (51)
approaches that of the classical shunt current case (k o = 0) eq. (52).

The power for the protection is a function of kN/2. Thus, the
power for protection wit~ tapered tunnels is minimal when tN/2 = 0 and
when Rc is large. The power for protection approaches that dissipated
in classical shunt as the value of RL is sm'lll. (If tN/2 has a value,
the power for protection is correspondingly increased.)

The value for a tu'nnel resistance. RT' for any channel coupling,n,
is given by:

Vo+IRe
1-1

to - I jn
n=l

(56)

_ J II.. I
When ko = 0 and tN/2 = 0; to = kN/2 -~

then (56) equals, frorn·(44): and (37):

~ ==
n

and from (38):

( 57)

R.r =
n

1

(58)

When tN/2 and RTN/2 have values and ko = 0, eq. (50) applies:

to = tN/2 + kN/2
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Then, from eqs. (43) and (46):

t n = tN/2 + kN/2 - kn

Using eq. (22) eq. (59) becomes:

(59)

(60)

When this is substituted into eq. (56), and the reduction is followed,
eq. (61) is formed;

Rr
n

The value of RT n is determined by the geometry of the system with the
corresponding resistances and not by the voltage or currents of the cells
in the stack. In this case, the shunt currents from a series-connected
system with shared electrolyte can be controlled, reduced, or eliminated
by the insertion of appropriate to current into the tapered tunnel network
of an appropriate designed geometry. The voltage requirement is (Va + IRe)
(N-l). The current requirement is given by eq. (50) or eq. (51). The
power requirements are the product of voltage and current values.

The power requirements are less than those for the manifold protection
case (i .e., ko = (Vo+IRe)/Rm) and, in the limit, approach the power which
would have been dissipated in shuntage in the unprotected case.

battery

• Turn-Around Current Efficiency of Shunt
Current Protected Battery Systems

The turn around current efficiency, CE, of shunt current
systems can be calculated by the following formulas:

CE = Td hd or CE = Td(Tc-Z)hc
Td hd- HZ Td(Tc-Z)hc-HZ(Td-Z)

and where

(TeZ) hc
(-Td +Z)-

orotec:t.erl

( 1)

H

Where H is the total time the battery system is at a potential, hc '
hd' and ~o are.hours of charge, discharge and open circuit time, Td is
~he term1nal d1scharge current, Tc is the terminal charge current, and Z
1S the protective current inserted into the manifold or into the tunnel node
at an open circuit voltage condition value. The coulombic efficiency is
assumed to be 100%.
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When the battery is immediately discharged upon charge or when
there is no potential on the battery at stand 'condition, the current
efficiency equation reduces to:

Td(Tc-Z) (2)
CE = Tc(Td- Z)

The values of Z current depend upon- the type of protection system. The
protection systems and their values of Z are listed below. Q is the
number of manifold or tunnel current inserts.

Protection system ,. Z

manifold protected ;Q Vo/Rm

tapered tunnel protected Q a I g~/2 Vo

term

Tapered tunnel expressions above are defined in Table A3.

During the chirge pottion Of the ~attery cycle~ protective
currents are supplied from the charging circuit current. Correspondingly
during discharge, protective curr~nts are supplied from the current produced
by the battery. .

Under open circuit condition the currents for protection can
be supplied from the external power source or from the battery.

The turn-around current efficiencies were calculated from
the above analysis, and tabulated belciw iri Table A4. '. The pumping energies
were not calculated and are a function of manifold and cell design.
The main pressure drops are in the manifold and in the right angle turns
into the channels. The values assumed for the calculations were:

Cell 0 pen cireuit volt age Va' 1.8 V0 1ts
Number of cells, 52
Center/Center cell distance, 0.093 inch
Electrolyte resistance, 15 ohm em
Manifold diamete~ 1/8 and 1/4 inch (.05 and .95 cm)
Manifold segment resistance, 4.973 and 18.55 ohms
Channel resistance, 500, 1500~ and 6,000 ohms
Stack current~ 10 to 30 mA/cm L

Ce 11 area, 600 cm2 and 1, 000 cm2
Number of manifolds, 4
Cell quadrant area, 150 cm2 and 250 cm2
No open circuit stand time (eq 2)

,.~
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From Tab 1e A3 and Tab 1e A4, it can be seen that turn around
current efficiencies increases with:

•
•
•
•
•
•

higher current densities
short charge/discharge times
short or no open circuit time
large values of Rc, long narrow channels
larger "electrode area
small manifold diameter

These factors must be balanced however with other design and system factors
when considering a viable battery system.
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APPENDIX 4

ZINC-BROMINE BATTERY TESTING

at

SANDIA NATIONAL LABORATORIES

\J
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Sandia National Laboratories
Albuquerque: New Mexico 87185

May 15, 1981

Dr. Richard Bellows
Exxon Enterprises Incorporated
P. O. Box 45
Linden, NJ 07036

Dear Dr. Bellows:

I am writing to provide you with performance data for
the 500-Wh 8-cell zinc-bromine battery we are testing. The
battery has completed bver 100 daily cycles and is operating
very well. It is being tested with a four-factor two~level

test regime (see Figure 1). So far, all testing has been
at 20 0 C.

Figure 2 shows the range of energy efficiency values
obtained to date. Numbers correspond to different cycle
types as listed in Table 1. We intended to run each cycle
type in a continuous set, but unanticipated problems caused
some discontinuity in the data. On three occasions, impending
pump failure led US to discharge the battery at the high rate.
There were two cycl~s where strip chart recorder failure
resulted in lost data. The majority of cycles were run as
planned.

Table 1 lists a detailed data summary for the first 100
cycles. Energy efficiency varies from 69 to 60 percent. The
high discharge rate cycles result in lower efficiency values.
Lower maximum state of charge also causes a decrease in
efficiency for cycles other than the baseline type.

Representative battery and cell voltage data is given
in Table 2. Values at the various times have decreased by
about 0.02 volts between cycle 16 and cycle 100. The values
of cells six and seven have always been incorrect. We do
not plan to repair the voltage probe until it becomes neces­
sary to repair the stack.

We have been monitoring the pH of the electrolyte at
intervals of two to four weeks. The results are shown in
Table 3. The values seem rather inconsistent, but a gradual
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upward trend is appar.ent. When the pH exceeds 3.5, the
solutions will be adjusted with HOr, as per instructions.

The only problems encountered during the first hundred
cycles involved the electrolyte pumps. About every month
and a half we have had to grease the shaft bushing in the
pump end of the motor. While we are experimenting with
different greases, we have not located one that is long
lasting. The battery also has a slight leak from the cell
voltage tap area, but it is not significant.

We are planning to start the 50 0 C cycle tests in about
two months •. Also, the two-level test regime will be expanded
to a three-level plan. Lower Values will be selected, such
as a 7.0A charge and discharge rate. We are currently
performing decreased flow cycle tests usi~g the baseline
cycles~ The data has not yet been reduced, but we are seeing
a dip in the dis6harge voltage,' ne~r the end of discharge,
as opposed to a straight line (tefei'to Figure 3). We are
unsure if this is real or a data recorder problem. If you
have any comments on any of the data or the test plan, please
feel free to contact me.

We have received the 20-cell unit and will store it
unt i lour fume hood: is installed. He will then ope rate
the battery usi~g computer control under the same general
test schedule as the a-cell stack. We will contact you
when.we are ready to" install the battery, which will be
around the middle of June.

'Sincerely,

.) I ,~,

i_ttl'- '- .

Paul C. Butler
Di'lision 2525

PC8:2525:jh
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