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000. 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 Tow 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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00. Summafy

Exxon Research and 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 develop Exxon'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 background material. ‘

The goals of Phase I were to scale the system into multi-
kilowatt hour, multi-stack 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 reviewers familiar with the original program
proposal. ' '

Phase [ 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 prctection, have been delivered to contract monitors
at Sandia National Laboratories for in-house testing, evaluation and
famiiiarization. The initial battery, delivered in October, has been
cycled over 100 times, showing performances equal to those achieved in
Exxon Taboratories. [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 impravements were further demon-
strated during Phase I, The continued development of an electrolyte
additive treatment tTo 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 consumpticn.
Demonstration of injection molding of 6 dme inserts (i.e., active area
equal 600 cm?), using either electrades or separators, 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 cycles 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. Oirect factory production costs for 20 kWh units in
Targe 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 photovaltaic 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 Il program.
Emphasis will be on demonstrating a 20 kWh battery, continuing develop-
ment of production technigues, and extending cycle Tife data. An auto-
matic life cycle station with a microprocessor based battery controller
will be constructed to obtain extended cycle 1ife data.
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0. Introduction:

The structure of this final report follows the general outtine
of major tasks that were delineated in the original Phase I program Work
Statement. The report includes overall Phase I progress and concludes
at the end of Phase I activities. ‘Some previocusly unpublished background
work, concluded prior to the start of Phase I, has alsc 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 z1nc
bromine battery to readers unfam111ar ‘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 applications. Phase I built on
a 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). Phasé I had several goals
amang 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 cn the path to a 20 kWh design and deTivery of
two small demonstration batteries to contract monitors at Sand1a :

Steady and timely progress was made toward those goals so that
at the conclusion of Phase I, a number of 1nd1v1dua1 accomp11shments
deserved menticn, namely: v

o Successful cycling of 3 kWh (X-3) sub-module for 100+ cyclies

o Successful cycling of 10 kWh (X-10) sub-module for 50+ cycles

e 500 Wh battery and 1.3 kWh battery with shunt current protection:
delivered to Sandia

Shunt current protection demonstrated for 100+ cycles

Mass manufacturing technigues, injection molded electrodes, demonstrated
Cost estimates refined for advanced 20 kWh design

Developemental plan produced

-] L] L] -]

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 I.1). Therefore, the
only assumptions are: there will be nc loss of performance during the
scale-up to Targer electrodes, there will be a 10% power reguirement for
auxiliaries, and the weight and volume reductions associated with reservoir
and electrode support structures will be achieved. If these are valid



TABLE 0-1

EXXON'S ZING-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 Density (Wh/1) 70 80-85

Specific Power (W/kg) o 80 90-100

Power Density (20-Sec.) (W/1) 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



assumpticns, 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.

0.2 General Circulating Zinc Bromine Battery Background

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

0.2.1 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 Tiguid 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 deposition, and 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
compat1b113uy with the flowing zinc bromine system (1).

In developing this technology, Exxon views the zinc-bromine
(Zﬂ/Brg) battery as an advanced candidate for various energy storage and
motive power applications. System components are basically in-hand, and
system development does not depend on inventing some as-yet-to-be-developed
comporient. Rather, the progress from this point must be measured in
terms of continued performance improvement (duty cycles, 1ife, and cost
consideration) and adaptability to specific applications.

Operation of the Circulating Zinc-Bromine 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 products,
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/Brp battery is improved uniformity of the Zn plating during
charging.



A schematic of a circulating Zn/Bry 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 ¢f the ZIn/Brp battery is easil
understood by following a typical charge/discharge cycle. During c%arge,
zinc is plated at the negative elecirode 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 exce]]ent
because the Bry is stored remotely from the zinc. During discharge, the
catholyte valve is opened and the Bry complex is fed back to the module.
Now, Zn and Brp 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 1oops thereby
reduc1ng self-discharge during cycling.

Component Descriptions

Battery Module - The battery module is nearly all plastic construction,
so that the final 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 electrcdes show corrosion pitting, resulting from bipolar shunt
currents and/or from cell reversal. The Exxon Zn/Brp battery has avoided
this problem by the use of a conductive carbon plastic compos1te The
carbon plastic is used for both the zinc and bromine electrodes. An
extra layer of porous carbon is added at the Brp 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 (ohm-cm)’1) 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
moided into the carbon plastic to increase lateral conductivity. There
15 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 moncpolar configurations, and are presently used as endplates
on bipolar stacks. The area of the present electrodes is 600 cm?2 pyt
the materials and techniques can be easily scaled to larger dimensions.
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Figure 0-2 Battery Stack Components



BT

b.) Screens - Screens of po1ypropy1ene or polyethylene se-
parate the electrodes from the membrane. “Véxar screens, made by DuPont,
are being used presently. The screens keep,the electrodes uniformly §
spaced and provide extra volume for zinc depos1t1on They promote uniform °
flow distribution over the electrode face. Ty ‘ ‘ :

c.) Separator-- Previous work emphas1zed 10n -selective mem-
branes. These separators were made of a* Tef1en film which had been
grafted with sulfonated styréne to induce” Jon. se]ect1v1ty "This mem-
brane passes zinc ions and limits the m19rat1on of' Brp from the cathode -:
to the anocde, because Brp éxists in solutaonﬁas the: negative Brj- snecweq
Bromine at the anode would react directly with:the zinc depos1g
reduce the battery capacity. Ion- seTectJv embranes have a cTear cut
coulombic efficiency advantage over porous -eearator ‘materials. However,’
porous separator materials are less costly IWDEpend1ng on the spec1f1c
battery application, a:coulombic efficiency vs. cost trade-off may be
undertaken with regard to the choice of separator materials., Our recent
work has emphasized the use of microporous. membranes along with a Tow
cost electrolyte additive which enhances the membrane s ability to retard
bromine diffusion. : T

‘:‘J.‘ P

d.) End Block - E]ectrodes, spacers, and membranes can be
conveniently assembled into stacks. The énd$ of each stack are bolted
between plastic feed blacks which provide. the external manifold con-
nections and hold the electrodes in a uniform compression. Figure 0-3
shows a stack of 52 electrodes man1f01ded together between end blocks.

Electrolyte - The 21nc-brom1ne battery system uses an aqueous 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 M ZnBrp, and 1 M bromine complexing agent.
In typical operation, 70% of the ZnBrp is cenverted to Zn® and Bry at
full charge. T '

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 electro]yte resistance, there is
virtually no cell polarization.

b.} The Bromine Complexing Agent is based on gquaternary am-
monium chemistry. This complexing agent was selected after a screening
program which considered several classes of Brp complexing agents. The
present agent was chosen because of its highly reversible complexing of
bromine, superior chemical stabiTity, iack of toxicity, miscibility with
zinc bromide solutions, and its potential.low cost. The use of a com-
plexing agent reduces the agueous Br2 concentration in the aqueous elec-
trolyte by 10 to 60-fold. This retards Brp diffusion across the microporous
membrane and also Brp attack of the plast1c components. The complexing
agent also reduces Hp evolution and 1mproves,plat1ng at the anode.




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 tc store
the electrolyte external to the cell has many advantages. Flow mixes
the electrolyte and prevents the growth of zinc dendrites on the elec-
trodes. AT 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 Brs avoids the basic
procblem 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 te 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 0il. However, a
porticon of the bromine o1l 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 cof photoveoltaic 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, Tow
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 neariy
identical final products for various applications. Thus, a larger pos-
siblie market is created, and there should be a more rapid entry into
vo lume production.
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The initial design approach was based on existing bipolar
electrodes having an active area of 600 cmé.  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/cmé), 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 I.2) which uses
larger electrodes (1200 cm?), 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
Magneti-Mare11li (3) and work on separable bromine complexes at Eco-
Contral (4). 1In the early 1970's, several attempts (5, 6, 7, 8) to develop
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 20kwh
SpecificEnergy  65-70wh/kg
Energy Density 80-85wh/I
Specific Power  80-100w/kg
Energy Efficiency 65-70%

Catholyte

Base Tank|Support]
{Anolyte Reservairl

]
~—

Pump Drive 22 W}/
Motor ) APPROXIMATE WEIGHT: 6751bs.

Figure 0-4 Conceptual 2C k¥h Zinc-3romine Prototype Design -



Time

1959-1964
1970-1977

1972

1875

1976

1977

1978

1979

1980

1981
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Events in Exxon's Circylating Zinc-Bromine Development

Circulating electrolyte fuel cell program at Exxon

Fuel cell partnership with French company - Alsthom, C.G.E.
Provides initial circulating electrolvte module (fuel
cells).

Shunt currents observed in fuel cell and electrolyzers.

Conductive carpon plastic invented by Exxon fuel cells
group. :
Carbon plastic incorporated in fue] cell modules.

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

Bro 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 cm? electrode.

First electrode product1on in Un1ted States - compression

molding.

Shunt current protection tested in g]assware simulation.
Insert injection molded electrodes - 100 cme.,

Mlcroporous separator w1th e]ectro1yte additives deve]oped
First 500 Wh and 1 kWh batteries - 100 cm? electrodes.

Shunt current protection demonstrated in zinc bromine battery.
Public demonstration of 500 Wh battery at EV Expo II.

Scale-yp decision to 600 cm? bipolar electrodes.

600 cm? compression molded electrodes manufactured.

Shunt current protection demonstration in 500 Wh and 3 kWh

600 cmé electrodes.

Daramic microporous separator used with electrolyte additives.
Protective electrodes developed.

Tunnel shunt current protection concepts improved.

Automatic cyc]e testing - 50 Wh monopo]ar - 100 cm? electrodes.

DOE/Sandia Phase I contract beg1n5

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 petroleum.’ However, the widespread use of
photovoltaic energy is limited by two key problems, the initial cost of the
collectors and cyclic availability of solar energy. ‘

Battery storage of photovoltaic electricity is already being used in
many small remote applications 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 consumpt1on 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 photovoitaic systems with battery
storage could make significant reduction in utility power demand, therefore
reducing present fossil fuel consumptien. This study does make the point that
the desirability of these PV/battery systems will depend on various factors
such as Tocal insolation and utility rates and at least a factor of two reduction.
in present battery costs ($100-150/kWh),

The model developed in the above study, called Solstor, is shown in
Figure 0-5. It shows a typical home connected to 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 lgad
leveling system, supplying peak power demands and absorbing 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
?nd)11fe, siting considerations and various possible utility rate structures

10

A typical crystalline silicon photovaltaic 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 1ine. This reduced insolation could be
either from haze or from the angular incidence of the sun on the collectors.
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. A possible direct interfacing of a 20 kWh zinc-bromine battery to an
array of soiar 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 would 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 used 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 sclar 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.



Voltage (V)

- -

Solar Array = 180 Cells in Series ¥ 30 Cells in Parallel

Zn/Br2 Battery = 20 kWh Capacity

Operating Points

120

Battery Charginc

100 E’“""‘”“‘“-\\»‘g"’/‘—_““‘*~\li[ T ——— . Curve

80 . \\ Sglar Generation Curves
60 i.
40 L Increasing | Insolation mem———pm
20 i 25% 50%‘ ]00%
1 ] L d
0 10 20 30 40 50 60

Current (A)

Figure 0-7 OBirect Interfacing of Solar
Array and Zn/Br) Battery
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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/Bro battery is presented, which delineates
specific development targets and milestones.

I.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 II.7), tunrnel 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 coliectors, 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 cm? and their successful demonstration in 3
kWh and 10 kWh units increased confidence in further electrode scale-
ups.

These inputs gave rise to a new two-stack 20 kWh design based
on the present electrode and electrolyte perfaormance, but with electrode
area doubled to 12 dm? and with each stack increased to 78 cells giving
a nominal 120 V discharge. This design is shown in Figure I-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 Il. 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.

[.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 preduction rates. The costing meth-
odology assumed an assembly type operation where most of the compenents
would be purchased from outside vendors. Estimates of purchased components
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CELL CONSTRUCTION BATTERY CONSTRUCTION
Each Cell consists of one injection Battery consists of two cell stacks of 78
molded plastic frame around a Daramic cells . each. Active electrode area 11
insert and a carbon-plastic bipolar  inches high x 16% inches wide (180 sq. -
electrode co-extruded with an insulating in).

plastic top and bottom.

CATHOLYTE
INNER TANK

BASE TANK (SUPPORT)
(ANCOLYTE RESERVOQIR)

INNER TANK AND OIL SHIELD
REQUIRED FOR ELECTRIC
VEHICLE USE ONLY

Figure 1-1 Advanced 20 kih Design
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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 Timited 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 Tlarge 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.
Therefore a shift to total in-house production would undoubtedly reduce
costs 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' 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, including
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 100,000
units per year (1980 dollars). Various indirect costs as described
above need to be added to arrive at the selling price (0EM). Figure I-2
is a 'pie chart' cost breakdown showing the major costs such as purchased
stack and reservoir parts, accessories, electrolyte and in-house Tlabor.
The Tow in-house labor percentage reflects the assembly plant viewpoint
since Tabor is required only for final assembly. Additional labor and
overhead are included in the cost of purchased components. A more com-
plete breakdown is shawn in Table I-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

ITEM OR ASSEMBLY

100K
Batteries/Year

Bipolar Electrodes

Current Collectors
Separator Assembly

(Incl. Outside Labor)
End-Support Block Assembly
Center-Support Blocks
(Incl. Outside Labor}
Reservoir

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
Voltage 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
2.00
2.00
10.00
20.00

118.50

*Excludes various indirect costs such as G & A, RQI, and cost of sales
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I.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/Bro develop-
ment, both monopolar and bipolar designs were tested. These designs are
shown schematically in Figure I-3. At the cell level, performance and
1ife of both designs were virtually identical. 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, monopolar 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
charge, open circuit and discharge conditions. There are reduction
processes at the high potential regions and oxidative processes at the
low potential regions. In the Zn/Brs 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 fails.

Physics of Shunt Currents

Figure I-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 paralle!l pathways allow a certain portion of the terminal
currents to bypass or shunt around the central electrodes in the series.
(Figure I-5}. ‘
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Figure 1-4 Series Connected Cells with Common Electrolyte

f““*F"-JF——-*P—-——q——-;qp- —®
' i 20 T '[T‘}:

A AR AAL ARA,

f
7

Figure I-5 Electrical Analog of Shunt Currents

Manifold



- 29 -

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 Bry and completely
shorting the stack at the end of discharge. During shorting, the excess
Bro erased all stray zinc growth. Eight-cell bipplar 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 Manifeld 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 manifoid current, ko, as seen below, is defined as:

ko = cell voltage (Y
resistance of a manifold 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.

[.3.2 Shunt Current Model Analysis

' The Tumped resistive equivalent circuit of series connected
cells with common electrolyte and the governing difference equations are

shown in Figure I-6. Kirchoff's Law expressions can describe loop eguations.
Difference equation analysis, described in Appendix 3 leads to the expressions
fog thg currents in various portions of the system shown in Figures I-7

and I-8.
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The values for the resistances:

internal cell resistance per manifold, ohms

Re=
Rc = channel resistance, ohms
Rm = manifold segment resistance, ohms

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

These vé]ues are Used to determine B and then A. The cell open
circuit potential, V5 (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 = jj can then be determined from A, N and (Vg +
IRe). ‘ ' ' ‘

The values of;

in =.nth channel shunt current
Kn = nth manifold segement current
ip = 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 kqy current, inserted into
the manifold. The expression for the J current, Figure I-8, involves a
minus kgRm term. When the value for kgRpy is equal to (Vg + IRg) then
the numerator of the J eguation is zero, and there are no channel shunt
currents. Under these conditions, the following expressions hold, namely:

in = 0
Kn = Ko
ir’:I

The shunt currents are thus eliminated when a current of value:
ko = (Vo + IRe)/Rp
is passed through the manifold.

Ideally, the voltage drop, V¢, through the manifold from the firsti
to last ¢ell ids:

Vt = (N-])(VO + IRE)

In practical systems, currents approaching this value will effectively
eliminate problematic shunt current effects in a zin¢c-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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[.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 I-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 kg current was inserted
from a second power supply at the first R./Rp node, the currents in the
channels stopped. '

Next, a simple Hp/02 electrolyzer of ten cells in series with
a common 1 M KOH electrolyte was constructed of glass beakers and plastic
tubing, with 10 cm? 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, Ho/0p production was markedly less at the
center cells. Portions of the input terminal current, S,, were being
shunted through the manifold and past the cells (Table I-2). The center
cells received about 80% of the 1724 mA input current. A second power
supply was then connected to Ni 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 I- 2)

A 12 V 1 kwh Zn/Brz battery was constructed from eight mono-
polar substacks connected electrically in serijes, and supplied in parallel
by common anolyte and catholyte streams (Figure I 10). Each_substack
was comprised of 14 plates. Each side of a plate had TOO cm? active
area.* Zinc plates were typically charged to 60 mAh/cmé. The total
stack discharged at about 12 V, with a nominal capacity of about 1 kWh.

The four electroliyte manifolds created pathways for shunt
currents between the monopolar stacks. Branched channels on the mani-
folds were sized so that jonic shunt currents 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 I-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
manifcld, 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 simultaneously 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. Egquivalent 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 perwod, showing an average
coulombic efficiency of about 85%.

*100 cm? equals one square decimeter, 1 dmZ.
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Figure T-9 Shunt Current Protection on an Electrolysis Apparatus



37 -

A4913eg JULWOUg-dUL7 Je|0dOUCK P3TIBUUO)-SBLUSS B U0 UOL3I9304d TUDAANY JuUNYS Q-] a4nbiL4




.38 -

#® Without Protection
8 With Protection

’
Anode Exlr!

Cathode Exit ’
1

SHUNT CURRENTS (mA)
r

-1

-2

D' I = )

-1

Cathode {n]et
2 3 q 5 [} 7

CELL-CHANNEL POSITION

Figure I-11 Shunt Currehts on 12V Stack
With and Without Protection
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Des%gh Tradeoffe with Manifold Protection

Three important design aspects are critical for successful
implementation of shunt current protection:

1. The end manifold node voltages must approximately equal stack voltage, NV..
where Ve = Vg + IRe
2. The common manifold cross-section must be kept small to increase Rp.

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

By generalizing Figure I-4 to any number (N) of cells in
series, the stack voltage will be NV. and the voltage between the end
nodes of each manifold will be (N-1)kgRy, or (N-1)Vc. This is an im-
paortant relationship for batteries 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 the magnitude
of kg; i.e., kg =_g£, so that the currents needed for protection must be

m

varied whenever cell voltages change, or whenever Ry 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 kg are automatically controlled. For the generalized case
of Figure I-4(c), described above, this means that Vi =(N )VC- The

-1)
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 E:lda]= 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 kg, as required. By
this technique, the-control of kg is simplified.

Uncontrolled shunt currents cause a continuous parasitic drain
on series-connected batteries having common electrolyte. However,.shunt
current protection represents a larger dissipation of power (N-])kng,
or (N-1)V§/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 means that Ry, must be as large as possible. For circular
common manifolds, Ry = 4p£ﬁTD2, so that the power consumed for protecting
a manifold (protective power) equals (N-1)VfnD2 ~ Figure I1-12 shows, con-

dpp —

ceptually, how the protective poWer increases as DZ. Clearly, minimizing
the protective power requires as small a common manifold diameter as
possible.
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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 I-12. In a circulating etectrolyte 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, o,
and the electrolyte circulation rate. Successful implementation of
shunt-current protection requires that the combined auxiliary losses
represent an acceptab1e percentage of battery capac1ty 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, Ry, and the number of cells in series, N.

MN Vekg
MN (Vo : IRe)2/Rp

Protective Power

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

Power = (I %+ kg
= (

e) )
Re)I + (Vo + IR}2/Ry]
The power ratio js:

(Vo + IRg) /Ry

I + (Vg + IRg)/Rp

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

Protection Electrodes

Manifold shunt current protection requires the passage of
currents through the manitolds to provide a potential gradient. The
current insertion and recovery from the manifold reguires 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 Jead 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 Tong term invariancy in the system. The brao-
mine rich e]ectro]yte is supplied at the negative protective electrode
surface, which is separated from the main electrolyte flow by a micro-
porous barr1er or ion selective membrane.

The protection electrodes in the terminal end manifolds which
supp1y 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 sect10n

‘Tdeally, the manifold protective electrodes should be located
at the first and Tlast 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.

I.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 I-13 and I-14). Current, tg, entering the
system at the first tunnel channel node can divide with part, j, going
to the channel through resistance Re, part ty, going through the tunnel
with resistance RT,, and part 17, going to the cell through the channel
leg with resistancé If the resistance of Rr,, (and subsequent tunnel
resistances) are chosen and designed such that the voltage drep through
Rt;, is equal to the voltage difference of the cells whose channels are

Anected by the tunnel, there is no potential difference across RL] and
RL2 and thus no shunt currents. Thus:

Vo + IRe = tIRTy = tuR7y = tny2 RTN/2

Under these condﬁtions,lthe 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 in detail in Appendix 5. The nomenclature is.the same as de-
fined above. Tunnel current for N cells in series (with kg = 0) is:

o Al
to = tns2 + knj2 = JIAA-1 [:O\1w . ) :] + N2

A=A

. N/2
=iy + m%)[(x/ ) L.
\ Rm(AN”) RTN/2
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where X' = ¢/2 + (C/Z)ZQ]
with ¢ = 2 + Rp/Re

Vo + IR, - koRp

Rm + Re (At = 1) (wN=-T 4 )
(AN X

and J' =

The limiting condition of input tunnel current occurs when the
center tunnel resistance Ry is infinite. When Ry, ,,is infinite the
A ; N/2 N/2
fraction 1/RTN/2 is zero. _

The value of the expression:
G N/2-1)2/0N41)
is less than 1, particularly when A and N are small.

The value for ty is less than kg whenever the following condition
is met, namely: . -

Rm < RTN/ZE-(AN/2—1)2/()\N + ])J

The value of the individual resistance of tunnels can be computed from
the formula: 1

Ry = x'N-n i N2
Rm (A 'N+ 1)

When RTN is infinite, there is a decided "taper" to the values of the
resistanéé of the tunnel. When the value of Ryysp is finite, the "taper®
is reduced. When the value of RTN is sufficiently small, the tunnel
resistances approach a constant vafae, i.e., RTN/E'

Protective Power For Tunnels

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

av2-ne

Tunnel Protective Power = {N-1)(V, + IRe)2

The manifold protection power is:

(N-1)(Vo+IRg)E/Ry
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Thus, the tunnel protective power is Jless than the power for manifold
protection in so much as:

1, aNe.yez
Rm Rpy(AN + 1) RTy /2

In the 1imiting case, the tunnel protective power approaches that which
would have been dissipated in the unprotected case.

Hydraulic/Electrolytic Decoupling

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 systems with the following parameters, namely:

Vo = 1.75 volts

I" =0
- Rg = 0.03 ohms

Re = 6000 ohms

Rm = 5 and 10 ohms
N = R?

The calculated protective currents for manifold and tunnel protection
for these systems are:

Rm k t (tn/2 = 0)
ohms 'a%ps . a%ps ‘ /
) 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.
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I.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 qhemica1 reactants. They must be kept separated to prevent
unwanted release of energy.

Bromine Complex Storage

The charged zinc-bromine battery stores the zinc within the
celis 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 fracticn 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 agueous catholyte reservoir. 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.

Bremine Complex

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

Q* + Br(Brp),~ = QBr(Bri)y

Such complexes are described in detail in a recent paper by D. Eustace
(10). They have Tlow aqueous sclubility 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 gquaternary ammonium
bromine complexes at a stoichiometry of two bromines per guaternary
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 liguid bromine complex, the
bromine to guaternary ratio is reduced. The lower this ratio, the Tower
the vapor pressure. The vaporization of bromine thus causes a guenching
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 (HRC4771) 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 5000C. No flash was observed to 1250C at which point the
vapors from the complex extinguished the pilot flame. No propagation
was observed in the deflagration tests, although the sgquib 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. [t 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 Tong 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 Tittle 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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I.5 Projected Developmént Plan

A technical development plan has been prepared for Exxon's
Zn/Br» 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 I-16 shows the overall schedule projected for the
In/Bro 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-
Towing 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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I1. Manufacturing Development

Introduction

Unlike many battery systems where cells and small batteries
can be developed and tested in glassware, the flowing In/Bro battery has
required from its inception hardware and materijals 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 appiicable. This meant that when parts
were not currently available commercially, a significant effprt 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 distribution, from cell to cell, and within
a given cell. Also, to maintain uniform flow, planar electrodes were
required. While 100 cm? 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 deve]oped - name]y injection molding.

At the start of Phase I, the state of-the-art unit ce]l incor-
porated in Battery X-3A, shown in Figure II-1, consisted of a bipolar
electrode and two flow frames which were each compression 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 II-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 jon-selective
‘membrane has been replaced by an inexpensive, commercially available
microporous (Daramic) 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.

I1.1 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 polyolefin plastic. The guantities of each is determined
such as to give a final product with a resistivity of less 'than 5 chm-
cm, when measured through the thickness. of an extruded sheet. The choice
of polyolefin is determined by the desire to have a rigid, non-brittle,
extrudable product.
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X-3A Battery - Unit Cell

Fiqure II-1
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Figure II-2 X-10 Battery - Unit Cell
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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 guality control at
this point involves measuring resistivity on a press 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 carbaon 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.

I1.2 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 plastic. Bromine electrochemistry on carbon
shows more limited exchange currents. Brp can be oxidized and reduced
directly on the carbon plastic. Large activation potentials are, however, .
required for both charge (~200-400 mV for Brs evolution) and discharge
{~400-800 mV for Brp consumption). These polarizations could lead
to very poor voltaic efficiency.

Surface area measurements of the carbon plast1c b1501ar using
the BET method show limited surface roughness (50-100 cm Z/cm Further-
more, much of this surface area may be electrochemically 1nact1ve 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 h1gh voltaic efficiencies where the only s1gn1f1cant voltaic
polarization is from internal resistance.

I1.3 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 compressicn mold two flow frames and a
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bipolar electrode for each cell.. These parts had variations in thick-

ness, + 4 mils each, such that Teakage 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 within + 1T mil around the periphery of the part, and electrolyte
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 fabr1cate additional batteries
and work on other problems.

The molding operation is performed under contract by an out-
side "job" shop on a 350 ton Ingerscll 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. Alsc, during these initial
trials, the runners and gates were both enlarged and relocated to yield
the part shown in Figure II-3. This was needed to provide adeguate
fill, especially in the flow distribution areas. The "dog-ears" visible
a]ona either side of the eTectrode were added to increase the strength
of the parting line.

The actual mo]ding.operation 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.

IT.4 Separator

During this contract, the battery separator of choice has
shifted from ion selective membranes, originally P-1010 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 II-T1 compares
P1010 and Daramic.
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Table II-1

P1010 vs. Daramic

P1010 , Daramic

Type : lon-Selective o Micrapaorous
Typical battery

coulombic efficiency 85-90% 80% with additives
Typical battery

voltaic efficiency 85% 85%
$/sq. ft. 2-5 0.10-0.12
Ease of handling Difficult Easy

. (Must be kept wet) (Dry)
Commercial , -

availability _ Limited Capacity Yes

As can be seen the switch to Daramic has resulted in signifi-
cantly lower 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 mils/cell. The
coulombic efficiencies have decreased slightly due tc the greater trans-
port of Brp 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 II-4). These posts, which Tine 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.

I1.5 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
mo lded-on posts for half cell spacing and support. These two parts are
illustrated in Figure I1-5.
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Figure II-4 DARAMIC Separator
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The framed bipolar electrode will be a co-extrusion of carbon
plastic and non-conductive pg¢lyolefin on each side as illustrated in
Figure I1-5. 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 melded 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 these two components, a co-extruded
bipolar electrode and an insert injection molded separator, manufactur-
ing of the battery module is reduced 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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. II1. Assemb]y and . Test1ng of. Large Batter1es
I11.1 3 kiWh (X-3) Submodyles |

Several 3 kWh (X-3) submodules were assembled and tested prior
to fabrication, assembly and testing. of battery X-I10.. The X-3 battery
modules were 52- ce11 ‘bipolar stacks. Capacity rat1ng of 3.25 kih was
based on 90 mAh/cml z1nc load1ng, 80% coulombic eff1c1ency, and an average
discharge vo1tage of 1.50 V per. cell.

IT1.1.1 Components

Each X-3 module was compr1sed of 51. b1po]ar e]ectrodes and two
(2) current collectors, one positive and one negative,:located.at oppo-
site ends of the stack. The cUrrent‘co1]ectors'provided the means for .
external electrical control. Active electrode area was 600 cm?. In
addition, there were 52 separators, 104 flow frames:(a later design with
1nJect1on molded electrodes eliminated separate f low frames), and 104 ¢
spacers in each 52-cell module. Thus, the average.unit cell consisted
of one bipolar electrode, one separator, two flow frames and two spacers.
Vexar, an extruded po]vo1ef1n mesh made. by Dupont, was used as the spacer
to prov1de the required gap between the electrode surface and separator
material. These components are shown Jin Figure IIT-TA.

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-1B.

The first of these battery modules, X-3A, was assembled with
compression molded electrodes and P-1010, a C.001 in. cation permeable
separator material made by RAI Inc. Battery module X-3B was identical
to X-3A, except that the Brp 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.

IT11.1.2 Special Design Considerations

Eariier 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 b 1/2 fold increase in size. Accordingly, electrolyte volume, pumping
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Figure III-1A Battery Module X-3A Components
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rates, and electrolyte feed lines were increased proportionately over
the values used for the 12 V systems. For example, electrolyte vo]ume
was increased from 4 1 to 26 1, pumping rate was increased from 1.2
1/min to 7.8 1/min and the 1nterna1 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 I.3, multicell
batteries with one or more common electrolyte manifolds, give rise to
shunt currents 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
zincgrowths 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
Bro, with the Br- being supplied by the electrolyte. To satisfy the
reduction reaction, and avoid zinc deposition, Bry was supplied and Br~
was formed as part of the system. Supplying Brp 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 externa11y
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 where 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 1in 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,

[I1.1.3 Cycling Regime

Battery performance evaluation consisted primarily of a re-
petitive charge-discharge cyc11ng routine. Charging was done at rates
of 5.8A to 11.6A (10-20 mA/cmZ) for a sufficient time to obtain a de-
sired Ah input. Discharging was done at rates up to 17.4A (30 mA/cml),
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usually to a 1.0V/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.

II1.1.4 Performance Characteristics

Figure III-2 is a voltage plot of a charge-discharge cycle, in
which the battery was charged at 11.6A for 4 hours (80 mih/cmé 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 ZnBrp in the system. Coulombic efficiency was 77%
with a 65% energy efficiency.

. Figure III-3 shows a polarization curve for module X-3A at
discharge rates that ranged between 17.4A (30 mA/cm?) and 53A (91 mA/cm2).
The slope of the line is 0.42 ohms, and the linearity of the data suggests
that the voltage Tgss was predominantly ohmic. Evidently, our pumping
rate (25 ml/min-cm2) will sustain these high currents for short pericds
(20-30 sec). Longer duration high current pulses may be expected to
produce polarization losses, unless the pumping rate is increased.” Fig-
ure I11-3 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. Here high current pulses
(46.6A avg.) of 15.20 seconds duration were, superimposed at 3-4 minute
intervals while the battery was discharging at 17.4A. These results are
shown in Figure II11-4, where the average battery voltage during the high
current drain was plotted as a function of state-of-charge (zero % S.0.C.
represents battery capacity exhaustion). These tests indicated-that the
battery delivered an average power pulse of 3.32 kW {11W/cmé) at a current
density of 80.3 mh/cmZ.

Figure III-5 summarizes the cycle 1ife data of module X-3A.
Here coulombic 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 Toss 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 ("internal”) 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,

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/cme self-discharge rate
in the fully charged state under the prevailing experimental con-
ditions.

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.

I11.2 X-10 Battery System

The X-10 test unit was an 80V (52-Cell), 10 kWh bipolar 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 lTook for scale-sensitive
operating parameters, and to look for potential prob]ems which might be
associated with operating large, individual batteries in parallel.

II1.2.1 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 assembTed using injection molded ones. Active area dimensions
were identical for the two electrode types. However, the compression
molded parts required the use of twec (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 twoc Vexar
spacers. An added advantage of the newer type electrode was its improved
dimensicnal 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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II1.2.2 Special Design‘Considerations

Figure III-6 is a sketch of the X-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 78 1of electrolyte.
It was partitioned inside to separate anolyte from catholyte. Electrolyte
was circulated. by means of two AC motor driven, magnetically coupled
centrifugal pumps through 1 in. I.D. rigid PVC piping. Two throttling
valves located near the pump outlets were used to.adjust and to .control
the 22 1/min flow rate. Flow meters Tocated 1ns1de the PVC piping provided
visual indication of the flow rates. A 4-way valve in the catholyte
line facilitated initial filling and, when needed, gas expulsion. The
electrolyte was fed into the master feed block wh1ch had machined main
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
reservoir. ‘ ' '

Shunt current protect1on electrodes were of the "internal" type,
as described earlier. A small constant displacement, pump was used.to
supply the required Brp complex. Bromine feed lines were initially in
para11e1 configuration. However, the low flow rate used occassionally
caused severe maldistribution. Connecting the . lines in series proved to
be a more satisfactory arrangement. (The amount of Brro 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 cons1dered, and pFOJECt10nS
based on our experience with the X-3 modules dictated some active form
of heat removal. Accordingly, a small water-cooled heat exchanger was
included in the anolyte tank. Because X-10 was the largest circulating
zinc-bromine bipolar battery assembled for testing to date, the system
was extensively instrumented for performance monitoring. In addition to
battery voltage and current, individual cell voltage probes were in- ‘
cluded in each of the stacks. Individual manifold voltages (to regulate
the shunt current protection power), current distribution ‘among the
individual battery modules, and electrolyte flow rates and temperature
were also monitored. . For the voTtage probes, approximately 1/16 in. x 1
in. pieces. of 0.001 in. platinum foil were used. Platinum voltage probes
had been used extensively oh smaller batteries with no apparent i1l
effects. In this case, 'however, they proved to be troub]esome as will
be discussed later.

I11.2.3 Cycling Regime

Four X-3 modules were assembled for the X-10 unit, with one
module serving as a backup. Each modute was pretested individually
to ascertain ‘that it functioned normally. The tests consisted of several
(5-8) charge-discharge cycles at current densities of 10-20 mA/cmé. ‘
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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 ZInBrz 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 M KBr solution, followed by two rinses
with de-ionized water. The modules were stored in a wet candition while
awaiting assembly of the *X-10 unit. Testing of X-10 consisted of a
repetitive charge-discharge cycling routine, using 78 1 of standard
electrolyte (3 M Zn/Brp - 1 M Brp complexer). Charging current ranged
from 26.7A to 43.5A (34.8A predominantly) for a sufficient time to achieve
the desired input. D1scharge was at the same rate to 50V { 1W/cell).

At the 50V mark, the discharge“current:was reduced to 10-15A to bring
the battery vo1tage to zere before overn1ght shorting.

I11.2.4 ‘Xe1OVBattery Performance Characteristics

Figures III-7, III-8, and I11-9 are polarization and power
curves for X-10 modules A, B and' C. The slopes of the lines are 5.5,
4.8 and 6.3 ohm;cmz, respectively, The spread in these values is greater
than that suggested by the observed current distribution among the three
modules when operated in parallel as a single battery. Evidently, at
the time the V vs I curves (Figures III-7 - III-9) were generated, differences
in electrolyte conductivity must 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 ahead with the assembly
of X- 10 _

: Cyc1e testing of X-10 started off in routine fashion.. Charging
and d1scharg1ng were done at 34.8A (20 mA/cmZ) with charge times in-
creased from 2 hrs for the first few cycles to 3- 4 hrs. A 3 hr charge
-at 34.8A represented a 10 kWh 1nput at a 60 mAh/cm? zinc 1oading Tem-
perature rise of the electrolyte, measured in the reservoir, averaged
approximately 209 over the initial value at the end of the dnscharge
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 III-10. Here, coulombic efficiency was 71%, and voltaic effic-
jency was 85%. Such performance was typical for 30 cycles, as shown in
Figure III-11, where coulombic efficiency vs 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 cause 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 comp]ex in the anolyte reduces coulombic efficiency due
to the direct 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-10 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-10 voltage probe location was changed. As
cycle testing proceeded, a very gradual increase in gassing was noted at
approximately the Z0th 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 intense. 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
belaw 60%, and each successive cycle yielded a lower capacity. This is
shown in Figure III-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 develaping, 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 Tow 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 electroiyte samples at various stages in cycling yielded
the following results:

Table III-1

Trace Analyses of X-10 Electrolyte

Pt Fe Mn Mg Al

Initial values <0.5 <0.1 <1 - -
After 25 cycles

Anolyte 4 1 <] 2 2

Catholyte 3 1 < 2 4
After 37 cycles

Anolyte 20 5 <1 ] 4

Catholyte 7 5 < 1 1 3

Note: Initial values represent lowest detection Timits. Values are
in ppm.
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These resu]ts indicate a significant increase in the p]at1num
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 samp1e was X-10 ano]yte
from the 25th cycle. A small amount of metallic zinc was placed in each
of the test tubes, and gas bubble formation on the zinc was observed.

Al]l 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, cne
could see gas bubbles rising in the liguid. Gassing in the control

sample was inperceptible. No attempt was made to quantify these findings.

The association of Pt contamipation with gassing was demon-
strated an 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 battery was drained, and
after removing the Pt voltage tabs, filled with a sclution that was
“approximately 0.5N KBr, 0.1N HBr and 0.2N Bro. A low current { 2 mA/cm?)
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 Brp/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 "cured". Gas generation
before the cleanup was measured in Titers 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 gualify new components for eventual incorporation in
the large system demonstrations, to investigate variocus technical para-
meters and interrelaticonships that limit system performance and to de-
sign and extend know]edge on poss1b1e life Timiting mechanisms of individual
system components

IV.1 500 Wh Parametr1c Test Stat1on

IV.1.1 Design of Standard Station

The 12 .V 500 Wh b1po1ar battery test station, shown in Figure
IV-1 is comprised of three major component parts:

o Battery ModuTe,
« Electrolyte Storage and Circulation
« Operating Control and Monitoring

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

7 Bipolar Electrodes
2 Current Collectors (one 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 Teak-
tight. Four manifolds, one in each corner, facilitate electrolyte circulation
through the battery module, one each for anclyte 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.D. polypropylene tubing and compression fittings. Circulation
is effected by means of two 12V DC magnetically-coupled, centrifugal
pumps. Ano1yte 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 anolyte reservoir. The catholyte enters the battery in ‘the upper
left-hand corner, flows down, 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 generated during operation.
Two pressure gauges in the feed lines serve primarily as _a visual indication
that electrolyte flow rates are “normal®, 25 ml/min. dm of electrode
area. For a 12 V battery, the flow rate is 1.2 1/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 W rating) 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.

iIV.1.2 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 em? to 600 cm 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
ZnBro) 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.1.3 Parametric Testing

Parametric tests at the 12 V (8-cell) battery level indicated
that higher coulombic efficiencies were obtained at lower states-of-
charge (100% SOC was defined as the condition when 100% of the ZnBrjy in
the electrolyte had been utilized. A 12 V battery, such as the one
used in these tests, was norma11y filled with 4 1of 3 M ZnBrp electrolyte,
which based on a 90 mAh/cmZ 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 Tow 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
Toadings are 40 mAh/cm¢ to 90 mAh/cms. These observations were examined
further by increasing the total amount of electrolyte in the system to 6 1
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This in effect reduced the material utilization (M.U.)for comparable

zinc loadings. For example, a 90 mAh/cmé zinc loading represented 65%

M.U. for 4 1of 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 Brpz 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.1.4 Automatic Life Cycle Testing

Key to the determination of the cycle life capabilities of the
In/Brp battery system is the establishment of a reliable automatic test
station which will allow continuous battery cycling. A test station has
been constructed which atlows 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 Programmable Control System (Model 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 test station incorporates separate
system safety circuitry to monitor both catholyte and anolyte pressure
and electrolyte reservoir liguid levels. Future stations will interface
these sensors to the 5T1 microprocessor controller to shutdown the system
due to pump malfunction, electrolyte Teakage, or flow blockage. Stack
performance is monitored by 2 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 separate flow frames were necessary with flat, compression
molded collectors); (2) operation of the shunt current negative electrode
feed system via the catholyte 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/cm? 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.



-89 -

UOL1R]S 1531 9417 JLIRWOINY 404 91607 U3[[04JU0)  p-A] S4nbld

AlddNS

HIMOd

AWVHOVIA 32019
NOILVLS 1S3l 3417 JILVINOLNV

S S
s ]y |5
in| 5 11
nd N 3@
all 3 | gn L SIHOLIMS
Aol on N 7041NOD
o) AHILIVE
3
S
43 TTOHINOD
SAV13Y I19VININYHOOHd ]
T041NOD
AH3ILIVE
MIVIS .
AHILLVE
439901
viva
/43a¥003y
SINILSAS " WILSAS
T0H1NOD JOY1INOD
'AL34VS ANV INIHHND
S3EVITXNV INNHS




- 90 -

~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 I1I.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 channeis facing
the next electrode and then the next bipolar electrode,

The bipolar electrode has a central conductive thin carbon-
plastic body of 600 cmé 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 electrolyte 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 cmZ, Two flow frames are used, one with a
1800 orientation, in the unit cell. T

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 manifold 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 0.125 dinch. :

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 minimum 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 reguire 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 I.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 tahs 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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Table IV-1

RESISTANCE VALUES FOR TUNNEL CALCULATIONS

Vo = 1.78 volts I =0
Rm = 6.68 ohm ~Re = 0.64‘ohm
Rc = 7000 ohm P =15 ohm-cm
RTy/2 = 333 ohm C N =19 cells
Tunnel Number ' Resistance, ohms
Ry 1 123
2 - 145
3 169
4 199
5 232
6 251
7. 298
8 ‘ o 332
9 332
10 ‘ 332
11 332
12 | 298
13 251
14 232
15 ' 199
16 | 189
177 | 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 channetl legs of the terminal

cells were nearly nuiled, 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
termwnaT tunnel nodes was four twmes higher than the calcutated value,

, 65 mA vs 15 mA.

Reconsideration of this battery stack design pointed out a
flaw in the unit cell approach, unigue 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 calculations 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 unintentional alternate pathways for
the tunnel current. The anolyte tunnel current {10, Figure IV-7) can
shunt into the catholyte 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 1V-7). There are now in effect two parallel pathways for the
protective tunnel currents to divide intc the manifold system. The
value of the channel resistance, Rq, is thus lower than the R, used in
the calculations for the design of tunnel dimensions and resistances.
The estimated effective resistance for R 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 Ry, of 333 ohms
gives 65 mA, at open circuit, rather than the prev1oué¥y calculated 15
mA. The experwmenta] 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 toc small and thus the resistances are too large.
More of the jnput 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 tc 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 1imit system 1ife. So far, no clearly
unavoidable 1ife 1imiting 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 1ife 1imit, extremely
Tong cycle 1ife 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 iifetimes
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 carpbon piastic. 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 M zinc halides. The electro-
lytes were sparged with N2. Several papers from United Technologies
Corporation (11, 12, 13) describe similar carbon oxidation and measurement
techniques in high temperature (1600C) phosphoric acid cells. Such
studies show good correlations between oxidative currents (while holding
the carbon at high potentials) and COp 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-2 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 difficuities in running and interpreting these first
experiments. Direct collection of COp 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 evoluticn of Brp can seriously affect the results. At typical open-
circuit voltages in standard solution, any currents would reflect the
Br=/Bry electrode. The oxidative currents at 1700 mV vs. Zn are too
high because of Brp evolution. The initial solution contains no Brp,
but the equilibrium Bro at 1700 mV is about .002 M. If all the oxida-
tive current at 170C mV produced Brp, it would require over a year for
the cell to reach .002 M Brp! 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/cme.
The energy of activation is about 10.4 Kcal/mole at these potentials.
For cells operating at temperatures of about 319C, the extrapolated
current 6.8 x 10-9 Amp/cm? oxidizing 30 mil carbon plastic to CO» represents
.015%/year. Assuming that the interior of a conductive carbon particle is
oxidized, even 5% oxidation should be tolerable. This represents a
useful life of 336 years.

Because of possibie ambiguity with Brp evolution at potentials
approaching the OCV of the Zn/Brp battery, further studies were conducted
using 3 M ZnClp, which has no measurable Clp evolution at 1750 mV vs Zn.
A1l 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 InCl; data with the standard solution data
at 1600 mV vs Zn shows that InClp seems to promote the oxidation more
than ZnBr, and that the effect of temperature is less severe with ZnCls.

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, a]though at 34 C and 1750 mV vs ZIn, this current is still

only a few pA/cm and would probably be less in ZnBrp. 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 Bro
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 Tayer 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 Brs
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 cm? 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 Brp complex in the cell, except
for occasional flow reversals to remove entrapped gas. The electrolyte
was circulated in a closed Toop between the reservoir and cell using a
small centrifugal pump with a magnet1c drive. Current was continuously
passed through the cell at 20 mA/cm?, causing oxidation and reduction of
Br=/Bro at the two electrodes. Po]ar1ty of the current was changed at 2
to 4 week intervals over a f1ve month period.
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Results - Initial voltage across the cell was 0.104 V and, was 0.211 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 Bry 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 Tocalized hot spot developed, charring
and warping both electrodes, precluding reassembly of the stack.

IV.3.3 Bromine Complex

At the conciusion of the cathode study mentioned above, the
remaining "bromine o0il" in the reservoir was analyzed via proton NMR
techniques using Bro as "solvent" for quaternary ammonium bromide. A
mormal” NMR trace for MEMBr was cobserved with no new peaks which
would be indicative of either bromination or other degradation of the
amine. Similar studies at the end of battery cycling have also. shown no
degradation of the amine.

IV.3.4 Electrolyte pH

Battery cycling during early Phase 1 showed significant im-
provements in pH stability of the electrolyte (maintaining values of
2.5-3.5), 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 20 to 40
cycles. As pH rises above 4.0, plating tends to become mossy, and coulombic
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 identified
(see below). Both mechanisms seem easily controilable, so that the need
for HBr addition should be reduced or eliminated.

Mechanisms Causing pH Increases

H2 Mechanism

2H20 + ZnO = Zn*t + Hy + 20H-

02 Mechanism
0p + 2 In—»2 In0
In0 + Hp0 = Zn*™* + 2 OH-
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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 ZIn in Zn/Brp solutions and gas bubbles can be
observed in the anclyte as it leaves the stack. However, the amount of
gassing generaily 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 Hp
evolution at the anode. For example, Pt sensor tabs at the cathode of
X-10 (Section IIl.2) slowly corroded so that after 30 cycles, Hp 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 Hy evolution can be controlled by passive
recombination of Hp with Brp 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 Hp
evolution. ‘ -

Oxygen Infiltration - Oxygen appears to be the primary source of pH in-
creases particularly 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 jons. The oxygen mechanism was inadvertently
discovered when the observed small quantities of Hy 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 Np, but rapidly increasing pH when exposed to air.

Since that observation, several batteries have passed 100
cyclies without needing HBr additions. This improved stability is attri-
buted to cycling large systems {fewer points for air infiltration) with
start-up under No atmosphere in the reservoirs, 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 7Zinc on Carbon Plastic
Electrodes at Low Loadings

- 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 cmz) was placed counter to a
large zinc foil, (60 cm¢) separated by 2 cm. The cell compartment was
filled with standard electrolyte, 3M ZnBrp, 1 M MEM* Br- and 0.2 M ZnSQg,
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 zin¢ 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/cmZ,
there was a sloping discharge curve; 50 mV/200 sec in contrast to a flat
curve for zinc-on-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 d1scharge, respectively, to reduce
the zinc loading (25 and 29.7 mA/cm?). The end of discharge voltage
decreased as the zinc loading diminished (Figure IV-9b). The carbon-
plastic electrode surface was initially loaded to 1.5] mAh/cmZ, 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/cmZ).

After 13 cycles (86.6 minutes), the total zinc loading had
increased to 7.82 mAh/cmé. 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/cme.

- The cycle was changed to 120 coulombs charge, 60 cou lombs
discharge (18.75 and 37.5 mA/cmé), to rebuild the zinc loading. The end
of discharge potential traced the previous zin¢ build-up curve at 18
mA/cmé discharge. After 12 more cycles (80 minutes), the apparent zinc
loading had built up to 11.37 mAh/cmé. The charge/discharge coulombs
were changed to 120 each (37.5 mA/cmZ) 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 cyc1e was then changed to slowly strip off the zinc load-
ing at 37.5 mA/cm (120 coulombs discharge 90 coulombs charge When
the apparent loading had decreased to between 4 to 5 mAh/cmé, 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
2.6. However, the start of zinc discharge potential remained essentially
constant during the Tast 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 Hp formatwon and escape. It would appear ‘that at
zin¢c loadings bhelow 10 mAh/cmé 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 denswtwes aTlows
a high coulombic eff"cwenCy (to a fixed cut off voltage).

IV.3.6 Plastic Compatibility in Bramine 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, i.e., pipes, valves, tanks, or-as
pellets suitable for mass processing such as extrusion or inJectwon
molding. Again, through literature sources and simple screening tests,
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 inZ samples were cut and carefully weighed.
Three of the 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 Brp containing oil phases. These samples
were then placed in an environmental chamber, (Figure IV-10) which was
thermostated at 559C.

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

The physical appearance of these samples was identical to that
observed when using them in batteries. A1l 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 Brp
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 Bro 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.3.7 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 cm? 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/Brp.

Earlier testing with 100 cm electrodes prior to Phase I, had
depended on peristaltic pumps with flexible Viton tubing. Wear of the
tubing required monthiy 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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Bromine Absorption by Various Plastics

Sample

24-mi1 - Extruded
carbon plastic

Same as #1 - but more
carbon

Same as #2 - but with
additive

Same as #2 - but more
carbon

Same as #3 . but more
carbon

Same as #5 - but more
carbon

Polyolefin

Polypropylene filled
polyolefin-1|

Filled polyolefin-2
Filled polyalefin-3

20% Talc Polypropylene*
Filled polyolefin-4

Daramic with 031

Daramic without 011

*9 Month Data

o= 110 -

Table IV-3

12 Months

3 Months
Wt. Gain Wt. Gain Wt. Gain Wt. Gain
{(mg) (%) (mg]) (%)
66 9 45 6
245 14 336 19
186 13 318 21
206_ 18 113 9
370 12 241 13
213 18 190 16
274 39 249 35
118 12 148 16
197 12
204 12
a9 13
226 93 (170) (8)
105 47 57 28
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‘IV.4 Hydrogen-Bromine Recombination

Hydrogen Prcduction

Small guantities 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 is 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 Teads 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:

In + 2Hp0 = Zn*2 + Hy + 20H-
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.

Recombination

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:

" In + 2Hp0 - InTt + 20H- + Hp
Ho + Bro - 2H* + 2 Br-
2H* + 20H- = 2Ho0

The summation reaction is:
In + Brp + 2Hp0 =»Zn++ + 2Br= + 2Ho0

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 Recomhination

Hydrogen and bromine can be combined catalytically. The free
energy of the gas phase reaction:

Hp + Brp-2HBr
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is -46 KCal at 259C. 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 M ZnBrp, 0.25 M MEMBr, 0.25M Q-14 and
1 M Bro)-in 250 m1 flasks. 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 the HBr formed dissolved in the agueous
phase. ‘

The Tocation 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/1iquid
interface to the catalyst.

Interfacial Recombination

Placing the catalyst partially in the gas phase and partially
in the electrolyte, allows a Ho/Bro fuel cell type reaction. In this
case, hydrogen from the gas phase reacts anodically at the meniscus
(gas/1iquid/solid interface) producing protons and releasing electrons
to the catalyst and the conductive substrate {(carbon). These electrons
are plassed into the 1iguid/solid interface region where bromine in the
electrolyte is reduced to bromide fons. The migration of these ijons
together with proton migration 1into the electrolyte completes the circuit.

In experiments similar to the above description, Pt black
catalyst was Towered 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
black in contact with the bromine complex phase was chemically/electrochemically
attacked.

Earlier, in another set of experiments, cathode activation
layer (PV-1) coated carbon plastic strips were partially submerged in-
50% SOC electrolytes and streams of 7% Ho in 93% He (for safety) were
passed over the solutions (the gas streams were preconditioned by first
passing over 50% SOC electroliytes). The aqueocus 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.



IV.5 Electrolyte Flow Distribution in Stacks

Electrochemical reactions, whether they are batteries, fuel
cells or electrolyzers, are freguently 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 requires higher pres-
sure drops and larger consumption of auxiliary pump power. Controlling
pressure drops can occur in extericr 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 Tlow 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-11. Electrolyte enters in the upper right corner from a common mani-
fold, down a manifoid branch, distributes horizontally across the flow
frames, flows down through a matrix of electrode supports (i.e., Vexar.
screen - not shown), into the Tower horizontal distributor, across to

the Tower 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 rates
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 studies 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




14 -

Zinc-Bromine Battery Flow Frame

Figure 1V-11
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approach 759, 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 Targe 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 I1I.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 harizontal distributor
was modified to the present design in order to eliminate these dead
spots. Dye tracer studies on these improved flow frames are also indicated
in Figure IV-13. :

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

IVv.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 ailsc 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 I1.3), 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 1V-14. The stack consisted of two alternating sheets, one
with two 3/8" holes and the second with the same twe holes and an interconnecting
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Figure IV-12 Vexar Bias Relative to Flow Frame Manifolding
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Figure IV-13 Electrolyte Distribution in Flow Frames




Figure IV-14 Manifold Flow Simulation
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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 manifold 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 "Z", as shown in Figure 1V-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 "Z" configuration,
cells furthest from the flow inlet get the most flow. Figure 1V-16
shows the results of pressure drop.vs. flow rate for water at various
diameters and stack sizes in the "U" configuration. Regions of extreme
maldistribution are indicated.

A study was made to develop correlations of the pressure drop
for flow of liguid through the Zn/Brg 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 1iquid 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.
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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 impartant factors, these tests
provideda 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" 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 2.7 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 1is 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" diameter manifolds is showﬁ'in the middle
part of Figure IV-17. -Results with water flowing are predicted well by
the simple model, but the predictions are Tow 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 varijation 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 adjustments 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:

= 55u(Q) + S(Q)%
N 13444

Measured pressure drop, cm. Hg'
liquid viscosity, centipoises
flow rate, gallons per minute
number of cells in para11e]
Tiquid density, g/cmd

manifold diameter, inches

OWnN=.01r U

w un u ¢ 1w un

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 overall 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-1 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 paraliel. 1In fact, X-10 represented
considerable system improvements beyond being merely three 3 kWh sub-
modules (X-3) in paraltlel. 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-la. 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 Tabie V-1b. 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 Tocated 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. A1l components for X-20 are currently
either available or on order.

Microprocessor Controller Development - Stand-alone battery operation
requires a "smart" 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 de11very
of a microprocessor controlled battery to Sand1a for testing early in
Phase III.
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Table V-la Comparison of X-3 vs X-10 Technology Changes

Characteristic

Configuration
Electrodes

Separator

Shunt Current Protection

Stack Compression
Heat Exchange

Voltage Sensing Tabs

Pumps

X-3A

One 52 cell stack

Compression Moided
Separate Flow Frames

Ion Selective

External Negative
Electrode

Internal Bolts.
None

Pt at Anode

Centrifugal

X-10

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

Revefsib1e 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

Control Thermal
Build-up

Accommodate change to
injection molded
electrode

Simplify Design

Table V-1b Comparison of X-10 vs X-20 Technology Changes

Characteristic

Configuratjon
Pumps

Voltage Sensing Tabs

Protective Electrodes
Heat Exchange

- Interstack Manifold

X-10
Three 52 Cell Stacks
Reversible at Catho-
Tyte ‘
Pt on Cathode

Internal Electrodes
Tantalum Tubes

Flat Polyethylene
Gasket

X-20
Six 52 Cell Stacks
Centrifugal

Ta at Anode
Reduce number

Improved Internal
Design

FEP Tubes

Foamed Polyethylene
Gasket

Comments
Scale-up Capacity
More Reliable

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. Variocus 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 wmprovements in system performance as well as allow
tailoring of the zinc-bromine system to specialty applications.

. Electrode Scale-Up - Present electrodes based on 600 cmé 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 cm? 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
Tife cycle data and provide experience in automatic control, to gquide
development of the microprocessor controller.




Y1 Deliverable Batteries

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

The second deliverable was a 30 V (20-cell), 1250 Wh battery
system, similar in design and construction to the larger (52-cell) units
described earlier, Because of the higher operating voltage, the system
included shunt current protection. A complete description of the system,
along with photos and schematic diagrams, operating instructions, and
parts 1ists was submitted as an Operating Manual under separate cover.
This de11verab1e which was due at the end of the contract period, was
delivered in April, 1981, as schedu1ed

The 12V battery has been under cycle tésting at Sandia Labora-
torijes. A summary of their first 100 cycle test results is included as
Appendix .4.
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VII Conclusions from Phase 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 cencluding
comments on specific accomplishments and some thoughts for the future
are given below:

VII.1 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. A1l 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 Brp permits the
complete discharge of plating mistakes. The electrodes do not interact
with the active zinc-bromine so shape and morphclogy changes are ruled
out. Overdischarge and overcharge are tolerable. Bromine complexing
agents improve plating and reduce Hpz evolution.. H2/Brp 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 cm? electrodes and multi-
stack, multi-kWh demonstrations relatively trouble free.

VIT.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 contreol. Microporous membranes show hetter long term sta-
bility than jon-selective materials, in addition to being more cost
effective. Electrolyte pH increases have limited several earlier system
lTife cycle studies, but the mechanisms are now known and seem easily
controllable, particularly with Hp/Bro recombination.
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Extending system Tife 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 Tife is dtffwcult to predict but perhaps 1ife will be predictably
Jong. :

VII.4 Rapid Progress - Substantial progress has been made during the ,
last two years. Electrode scale-up from 100 to 600 cmé and system 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 evalving
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 photoveltaic
storage market depends on many factors, foremost among which is the cost
of solar power. This factor makes the projected timing of the Solar
storage market uncertain. ‘

Fortunately, the zinc bromine battery's performance (See Sec-
tion I.1), is also suitable for advanced applications in bulk energy
storage and electric vehicles. These applications are presently 1imited
by the lack of a suitable battery rather than by periphéral 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-bromine system 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 asseét. Commercialization with this
multi-market strategy, in terms of cash flow, rates of expansion and
return-on-investment, offers Exxon's zinc-bromine battery more flexi-
bility in timing than some other advanced batterwes which are suited to
only single applications. '
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APPENDIX I

Advanced 20 kWh Deéign Calculations

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

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

Eiettro]yte composition - 3M'ZnBrp and 1 M quaternary amine bromide
complexing agent. - specific gravity 1.6

Electrolyte uti1jzation - 70%

Coqumbic efficiénc& - 80%

Auxiliary ehergy discharge - 5% of capacity

Apparent state of charge, SOC, - 70% of the total zinc in electrolyte
Apparent‘foading:; 94 hAh/cmZ- 1 

Average charge Qo]tage ;-1;9 volts/cell

Average discharge voltage _'1.55 volts/cell

Discharge time - 3 hours at 25 mAh/cmZ

Charge time - 3 hours at 31 mAh/cm?

Gross output - 21.05 kWh during 3 hours

Net qutput - 20 kWh ddring 3 hours

Outputlconditions - 75 mAh/cm? at 1.55 vo1ts-average for 3 hours
Peak power - 26 kW

e quantity of'zinc bromide electrolyte needed for a given Zn/Brp

battery system can be calculated as follows:

where:

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

kWh = gross kilowatt hour capacity of battery

Vd
F

F/
M/

= average discharge voltage per cell
= Faraday = 26.8 amp-hours/equivalent
M = Faradays per mole; for zinc, 2
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/in3 and 81 Wh/kq or 38 Wh/#.

The battery construction is shown in Figure 0.3. The weight estimates
are given in Table A-1. The conservative estimates of volume and weight yield
1.41 7 Wh/in3 - 1.8 Wh/in3 and 28.5 Wh/# or 63 Wh/kg.



- 136 -

TABLE A-]

BATTERY WEIGHT ESTIMATES FOR 20 kWh DESIGN

Component Yeight (pounds)
E]ectrofyte * o 538
‘Bipolar Electrodes (157) . 31
Separators (156) | | 5.2
Separator Frames (156) 41.6
End-Support Block (2) : . 8.3
Center Feed Block 8.3
Reservoir -12.9!
Reservoir Tray _ 3.0
Accessories
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 weight 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 electrodes. At each end of the 78
cell stacks are the collectors, one anode and one cathode collector for
each stack. The collectors are alsc made of plastic and incorporate conductive
plastic electrodes with metallic screens for current collection. The two
stack module is assembled on a tray which serves as a 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 would not be required. .The tray and shield serve
to confine the catholyte in the event of a vehicle collisicn 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 (anclyte and catholyte)
would be fed by the pumps up through a center plastic 'feed' block betweeén
the two battery stacks. No external plumbing would be regquired. ATl
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 consists 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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Figure A-1 20 kWh Zinc Bromine Battery
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The 20 kWh battery as described has electrodes with about 1200
cmé active areas, double the active area in present prototype batteries.
The scale-up is considered moderate and no problems are anticipated.

The present 600 cm? electrodes, scaled up from the original 100 cml
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, instailation 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-
Tiablie 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
productign. 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 well 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 reguired raw materials, purchased
components, accessories, direct labor costs, worker benefits, quality
control and supervision. It does nct 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).
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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 added for acid cleaning and handling. At battery
production rates of over 1,000/year, the extruded materials above wouid

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" extrusion machwnes can. produce 300 Tbs/h. Be-
cause of the high viscosity of carbon plastic and the co-extrusion pro-
cess, it is estimated that 100 1bs/h is more feasible. Machine and
operator cost is $33.00/h. Five hundred parts per hour would thus be
produced. :

*Material per electrode $.178 ¥ Inc]udeé added factor
Labor - Extrusion $.066 of 5%‘
(Qutside purchase). ‘
Total Cost/Unit $.244
Total Cost/Battery $38.30

(157 pieces)

- Separator Assembly The separator assembly consists of a non-conductive
plastic frame injection molded arcund a 'separator' 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 1ength of 17" s allowed for blanking (1.36 ftZ required per
unit). Based on 1979 prices for .010" separator material of $.05/ftZ,

the .024" material would be approximately $. 12/ft2, or $.163/unit. Pierce
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TABLE A-Z

TOTAL FACTORY COST -
20 kWh ZINC-BROMINE BATTERY

- Bipolar Electrodes
Current Collectors - |
Separator Assembly
" {Inc. outside labor)
End-Support Block Assembly
Center-Support Blocks

{Inc. outside labor)
Reservoir
Reservoir Tray o
Battery stacks - Total ., %

Electrolyte Pump

Electrolyte Pump Motor

Isolating Drive System

Protective Electrode System

Pump Pressure Sénsor A
Electronic Control Board 1y
Electrolyte Leyel Sensor -
State-of-Charge Sensor

Voltage Cut-Out,

Temperature Probes (3)

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, $/kWn

38.
28.
/7.
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& blank operations produce 1800 pieces per hour. 156 pieces are reguired
'plus 4 rejects - totalling 160 pieces. The frame is .075" thick and is

14-1/2" high x 18" wide.

Frame Volume = 7.42 in3

Frame Weight = .256 Ibs. ‘

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 Pcs.) $77.44

- Current Collectors Anode and cathode collectors are similar, except
for the coating on the cathode. Each collector would be a 'sandwich'
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). Silver plating would be .0003" both
sides and around strands.

Mat'1, Labor

Silver | 6.31% -
Lead Foil .15 -
Expanding Foil{outside) .20 -
Plating Ag. {outside) .15 -
Bipolar Electrode .24

Laminating Electrode- .

Compression Mold

@ 30 pcs./h $.50

*(Based on $22./ {(In-house
troy o0z.) Operation)

Material/Unit 7.05
Material/Battery '28.20

In-house Labor

per Battery £2.00

- Electrolyte The standard electroiyte is 3M InBrp 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 HC1. Quaternary ammonium halide quotations

have been given in the range of $1.00/1b. This leads to a conservative
electrolyte price of $200.00 for this battery.
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Zinc-Bromide Salt 241 1bs @ $.46/1b = . $110.00
Quaternary Amine Halide 75 1bs @ 1.00/1b = 75.00
De-Jonized Water plus handiing = 15.00

Cost per Battery $200.00
CONGLUSION -

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 dmé 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 outiweigh the hydraulic complexity.

In these systems, however, there are shared or common
electroiytes. The common electrolyte form a single physical continuum
through each celt 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
agpen circuit or discharge.

Currents suppliied 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 105$

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 progressively and symmetrically
decreased. This approach is called tapering or tapered tunnels.
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‘ The tunnel approach, while more complex, requ1res Tess
power than the manifold approach.

Manifold Protection

The analysis of the shuntage in common electrolyte systems and
the derivation of the shunt current elimination equations followed from
a resistance equivalent circuit model af an e1ectrochem1ca1 device with
common electrolyte, Figure A-b5a.

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 modeled as an ideal voltage source Vy equal to
its open circuit potential, in series, with an intracell electrolyte
resistance Re. Then, as shown in F1gureA 5a the current through the
electrodes divided so that some current passed through each channel 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;

kg = the current through the manifold needed to reduce shunt currents
to zero; and

I = 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.



Figure A-Bh Tapered Tunnel Shunt Network
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cell by channels 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 Re. The currents ip, jn and kp, as defined above, are also
illustrated. g .

Each e1ectro1yte section was modeled with its appropriate
resistance. Kirchoff's current and voltage laws applied at the nth cell
requires:

in | (1)

in.1 - ip =
Kn-1 = Kn = -Jn ' : (2)
kn-1 Rm = Rc{in -dn-1)-1n-1 Re = Vg (3)

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

kn Rm - Re (in+1 - dn) -in Re = Vg (4)

Then by substracting (4) from {3) the terms involving the i's and k's
“just equal jp from (1) and (2) so that a single equation for the channei
shunt currents is obtained: -

Jn+¢1 = B dn * Jn-1 =0 (5)
wherein B is equal to 2+ (Re + Rp)/Rc.

Just as 1inear constant coefficient differential equations have
exponential solutions, linear constant coefficient difference equations
as in (5) had power law solutions of the form:

Jo = AAT (6)

wherein A is the ampiitude and wherein the characteristic parameter

(analogous to natural freguencies in continuous systems described by
differential equations} was found by substituting the assumed solution
of (6) back into (5):

AN-TZ -8y + 1] =0 (7) -

For non-trivial solutions (A = 0, A = 0), the bracketed term
in (7) must be zero: '
A= B/2x o (8/2)2 -1 - (8)
Note that the two solutions in (8) are reciprocals of each other:
B/2 + . /(B/2)2 - 1 = ‘ L (9)
4 B/2 - (B/2)2 - ]
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Because (5) is linear, the most general solution was a linear
combination of both allowed solutions:

Jn = AT+ Agxt (10)
where A is either root in (8).
The amplitudes Ay and Ap were evaluated by the boundary coenditions.

By symmetry, the current in the first cell jy = J had an equal magnitude
but opposite direction to the current in the last cell, j, = -J. Thus:

i1 =0 =Ap + Amc] (1)
N = -3 = AN+ pgat

with solutions:

A - =31+ NN Ap = dA (A +a )
)\N 2 N+ N .. ~N+2
A : ANV =y
Applying algebraic reduction, the channel currents were:
.o Jd -3 M= 3 N=ntlq 12
o= = L= A ] (12)
ARPNLESY

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

fn-1 =in = 05 ip = Ap" (13)
A=l (1-p) = 05 p =15 ip = A (14)

The driven solution must have the same power law dependence
as the j, and so were of the same form as (10). The total solution
was then:

. JA N N-n

=1+ —r AN+ -1-N]

" USSRy (3]
- where the constant A in (14) was adjusted so that ig = I, where I is
ther terminal current. Under open circuit conditions, I = 0. When
the battery is being charged, I is positive; while under load, T is
negative.

Simi]arTy, the manifold shunt currents were:
J) [N 27Ny
N - -

kn = kg - (16)

where the initial manifold current ky 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 any
value of n and evaluating at n = 2, yields (17) or (18)*:

Vot IRe -ko Rno - y)

’ Rm + Re * Re (x-1) N-1770) . (
)

3 =g + IRe - koRp) BN -2 ) (A - 1) (18)

A (Re + Rp) 1 +a )

The foregoing equation (17) or its alterndtive equivalent
form (18), revealed that J could be modified if kg had a value other
than zero. [If J, the shunt current in the first branch channel, was
reduced, then the in's (equation (12)) were reduced. If kg had a value
such that , ‘

Vg + IR (19
kg = ﬁDRm e (19)

then J was zerc and likewise all the j,'s were zero.
In this condition, equaticns (12), (15) and (16) reduce to:
in =1, ky = ko3 dn = 0 | . (20)

Thus, the foregoing suggested that the passage of a single
protect1ve current through the shared electrolyte in the manifold,
in a device similar to that in Figure A- 3a,m1ght m1n1m1ze (reduce or
eliminate) shunt or leakage currents.

The direction of this*current is,the'same as the unprotected
knp currents, i.e. the shunt current through the shared electrolyte.

It can also be seen from the above equations and the model
in Figure Aba that when a kg 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 volitage.
Thus, when the voltage drop through the branch channel 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 kg 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 Ry. Furthermere, the utility was enhanced
by geometric effects which increased the magnitude of Rp. 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 (Rg+ Rp)/Rc.
Then one substitutes (x 2-1)/) for (Re+ Ry)/Re. This is derived from

A 4BA-1 = O (equation (7)) and B = 2 + (Rg+ Rm) /R equation (5).
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cells and a reduction of the cross-sectional area 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 Ry/Re 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, R, 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 tao the
manifold will be reduced, and, as the current is increased, the voitage
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 nuiled, become smaller and are elimirnated.
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 reguirements (P) for
the protective current through the manifold directly above the N cells
in a series of cells is approximated by:

= Lﬂllg. or simplifying P = NVZIRm : ._ (21)
NRm ' .

where N 1s number of cells, V is the cell voltage and Ry 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 zhannzls. The protective curront ic applied at the junction of
the tunnel with the first channel and at the junction of the tunnel with
the Tast 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 the manifold via kg, as gesired. Thus,
it i< nocsihla to operate with ky 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 var1ab1es are as follows:

Re = intracell electrolyte resistance;
Re = channel resistance;
Rm = manifold resistance;
‘RT = tunnel resistance;
RL = leg resistance;
rqg = tunnel input current needed to minimize shunt currents;
th = tunnel current;
1y = leg current;
~ Jpn = channel shunt current
kn = man1fo1d shunt current;
in = cell current;
Vg = open circuit cell voltage;
= total) terminal current

The electrical circuit of Figure A8b will be used to develop
an analysis for two electrochemical devices shown in Figures A6 and A-7.
Where applicable, like. elements are provided with the same numerical and
alpha-numerica] designations in Figures A-6 and A-7. While the manifolds
of Figures.A-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 {anolyte and catholyte)
multicell battery device is featured wherein protective currents are
introduced to tapered tunnels 101a, 1Q1b, 101c, and 101d, respectively,
via electrodes 102a, 103a, 102b, 103b, 102c, 103c, and 102d, 103d, respectively.

The protective current in Figure A-6 is preferably introduced
into tapered tunnels 10%la, 101b, 101c, and 101d, respectively, at the
junction of the tunnel 101a with the first and last channels 104a and
104aa, respectively; tunnel 101b with the first and last channels 104b
and 104bb, respectively; tunnel 101c with the first and last channels
104c and 104cc, respectively; and tunnel 101d with the first and last
channels 104d and 104dd, respectively, of the manifold and channel network
illustrated in Figure "A~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 fluidically communicate in parallel via
a plurality of typical channels 104 which are fed by respective manifolds
106a, .106b, 106c and 106d, respectively.
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The protect1ve current 1nt0 the tunn%‘ "asses through the
electrolyte(s) in the channe]s 104 above tunne]s“101a and 101b, and
below the tunnels 101c and 101d, in add1t10n to. the manifolds. In the
case where the tunnels contain e]ectrolyte( ) the protective current
- will also pass through the tunnels.

The tunnels 10laa, 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 10laa, 101bb, 10lcc
and 101dd are not part of the electrolyte system and may conta1n 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 jon-exchange membrane; or a porous plug with ionic conductors,
etc. :

The only requirement for the tunnels is that the tunnels be an
jonic or electronic conductor. The segments 105 are distributed along
the tunnels 10Taa, 101bb, 107cc and 101dd as between the channels 104,
and have an increasing res1stance as they approach a m1d -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 107aa, 101bb, 101lcc and 107dd, as between channels
104 as illustrated in Figure A-7, a redox reaction is reguired 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 intermediaie 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 Vg 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 A7) 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 "t," is passed, it by definition will
cause the cell voltages to be equal to the voltage drop through resistor
"RTn" (Figure A-5b) such that:

tnRTn = Vo + IRe
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When this condition is met, the voltage on the channel Tegs 109 (Figures
A-band A-7) between the tunne]s 101 and the cells 110 is nulled, and
there are no currents in the legs 109.

The electrical res1stor network - analog is. then equivalent
to Figure A-3b.

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

wnere Vo + IRg = toRTh < tauRTeot - (22)
kn-1 - kn = -dn 7 (23)
th-1 - th = Jn .. ” (24)
kn-1Rm = dnRe +.dn-1Rc - tn-1RTp-1 = 0 o (25)
where |

kn = manifold current in the hth manffo]d segment.

tp = current in the tunnei?

jp = current in the channel.

and Re, Ry and Ryp are the correspond1ng resistances of the cell,
manifold, and a tunnel.

Increasing the index by one, the nth + 1 loop is:
KnRm - Jn+1Rc + JnRc - tpRTp = O. (26)

Subtracting (26) from (25), thé'k terms equal j, and the t terms cancel,
from (24) and (23), leaving:

~inRm - 2inRc * dn+1Rc * Jn-1Re = 0 - (27)
Dividing (28) by R¢ gives:
in#l - Cin + dp-1 =0 - (28)

where
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SOLUTTON FOR CHANNEL CURRENTS

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

jp = DA (30)

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

pa'n-T [a 2 - ¢cxr + 1] =0 (31)

For non-trivial solutions,(D = 0, X' = 0), the bracketed term
is thus zero, ori. . .. ..
" 1/c2 o
A =C/Zit\!; % - (32)
, R
For the manifold protection case, the most general sclution
of (29) is & linear cambination of both solutions of (32).
in = DN+ DEAI-n (33)
The current in the first channel j; = J' is an equal magnitude,
but opposite direction to the current in the last channel jy = -J', or:

| = I = Al A'-".t
j1 = d' = At + D | (34)
jN‘= _J' = D]A'N + Dz}\"'.N ‘
with solutions:
Y 1 =N+1
0y = J' {1+ )
AN - -NEe (35)
pp = S0 ) | '
R'N - k'-N+2
From (34) and (35):
dn = e [ "N-mt1 = ) "] (36)
A=A
From (24), assuming (36):
n 1yt N !N-m _ _ N
kn = ko + Z Jp = ko - _J__%\_<]:>\ + >\ : ] >\ ]
p =1 BN =) G- (37)
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Substituting (23), (36}, (37) into (26):
- Vo + IRe - koRm | -
Rm + Re (A" - 1) =T +x") ‘ (38)
AT ‘ )

Tunnel Currents

The current in the first tunnel ty is given by (25):
Subsegquent tunne! currents:
to - (37 +ip) N ' ‘ (40)

ty =ty - Jj3 =t -(J7 * i+ d3) (41)

tz = t1 - j2

build on {17). The general equation fer tunnel currents is:
tn = to ~ J.‘ (42)

But, from equation 37, eq. 42 also equals eq.:ﬁ3 or eq. 44. Thus,

th = tg + ko - kp ﬂ - (43)
th =ty - J° ;- 1 XIN+]HKIN-H-A'A] ‘
Alo- ' : -
] ()

the current in the tunnel at the center of the stack, n = N/2
is given by (45): :

oA N2 142 ‘
ty/z = T+ kg + 4 T [lLE____%ll - ko (45)
and by rearranging eq. 45, we form (46):
Lo + ko = tNj2 *+ kny2 | . (46)
Where, without loss of generality, the number of ceils, N, can be taken

as an even number.

But when:
. = Vo + IRe :
0 R (47)

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

tnz = to (28)
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and eq. (46) then becomes eq. (49):
Ko _ (49)

SVZ

When : I

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

This value of kg in eg. (47) is that which is used in the
non-tunnel manifold protection system. It is relatively high current
compared to ty, developed later (eg. (50) or (51)).

When ko = 0 the tgy current is given by (30) from eq. (46);
to = thyy2 + kny2 o (50)

When the resistance of the center tunneifis.very;large, or
infinite, the value of ty/o is very small, or zero. Then (28) becomes,

from eq. {37): - :
_ _ . A (AIN/2'1)2
tO - kN/Z =J Al' ] 1__A|N*A! (5])

This current is the minimum value to null the shuntage.

When the resistance of the center tunnel has a finite value,
equation (50) applies and ty is larger by the amount of thy2-

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—tunne1 case were derived above:

N/2
- A (A =1)
%2 = ko * IxT1 [ N, ] (52)
and
‘ 3= v +IRe'koRm
(X l)(kW 3N
and
- a,; " 2 _
where :
R_+ R
f =2 ¢+ __¢C .
R, + R (55)

where Re + R equals the "R¢", the classical case previously cited.
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When Ra is much smaller than Ry, and R) is small compared to
Rec then C defined after eq. (28) approximately = B defined in (55) so
that A' of (32) = X (54), and the kys2 for the tapered-tunnel case (51)
approaches that of the classical shunt current case (kq = 0) eqg. (52).

The power for the protection is a function of ky/p. Thus, the
power for protection with tapered tunnels is minimal when tys2 = 0 and -
when R, is large. The power for protection approaches that dissipated
in classicai shunt as the value of R_ is small. (If tys2 has a value,
the power for protection is correspondingly increased.)

" The value for a tunnel kesistante.RT,for any channel coupling,n,
~is given by:
' ' v _+IR
_VotRe ToT e (56)
RT— t ‘ , .

n B t, - I j,

| Uy N/2_712
When kp =0and tyso = 05 to = kyy2 = 3'51 [ i%w_k. D ]

then (56) equals, from-{44) and (37):

) _ V0+IRe- 7
RTn RN B! W=Dy Bony -N/Z] (57)
| Ao N
and from (38):
Rp = , . T
n 1 | P | ’(}\LrN"n_H\'n_z)‘nN/z)
-1y N o - (AN=2)

R_+R
m - c A'N—f

When tyso and RTN/Z have values and kg = 0, eq. (50) applies:

to = tNs2 + kny2

(58)

o)
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Then, from egs. (43) and (46):
th = ty2 kN/2 - Kp - (59)
Using eq. (22) eq. {59) becomes
VO + IRe '
th = g * kns2 - kn (60)
RTnys2 /

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

. 7 | -
Rt = [Rm*R (af- 1)(1-H 4 j . l:(l.N-nﬂ.n_z)}.N/Z:f}-} ]
loo-nil e ®

1|N- 1. _(Z\.r\_".)«')_

The value of RT is determined by the geometry of the system with the

correspondwng resistances and not by the voltage or currents of the cells
in the stack. 1In this case, the shunt currents from a series-connected
system with shared eTectro1yte can be controlled, reduced, or eliminated
by the insertion of appropridate ty current into the tapered tunnel network
of an appropriate designed geometry. The voltage requirement is (V4 + IRg)
(N-1). The current requirement is given by eq. (50) or eg. (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., kg = (Vg*tIRg)/Ry) and, in the limit, approach the power which
would have been dissipated in shuntage in the unprotected case.

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

The turn around current efficiency, CE, of shunt current protected
battery systems can be calculated by the f011ow1ng formulas:

' Td hq or ~ _ Td {(Tc-Z)he 1
SR CLGE LI i e =i ) v
and where

. (Tg-7) he
"o TTeET
H = hc + hd + ho

Where H is the total time the battery system is at a potential, h,

hd, and hy are hours of charge, discharge and open circuit time, Tq4 is

the terminal discharge curvent, T¢ is the terminal charge current, and 7

is 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 d1scharged upon charge or when )
there is no potential on the battery at stand condition, the current
efficiency equation reduces to:

CE N Td(Te-2) - ‘ (2)
T (Tgq-2) ‘

The values of Z current depend upon-the type of protection system. The
protection systems and their values of 7 are listed beTow. Q- is the
number of manifold or tunnel current inserts.

Protecticn system ' o e - term
"manifold protected B Q Vo/RM =~ =~ - ko
tapered tunnel protected Q a' gx/g VO to

Tapered tunnel expressions above are defined in Table A3.

During the charge portion of the battery cycle, protective
currents are supplied from the charging circuit current. Correspondingly
during discharge, protective currents are supplied from the current produced
by the battery. C

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

‘The turn-around current efficiencies were calculated from
the above analysis, and tabulated below in 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 open circuit voltage Vo, 1.8 Volts
Number of cells, 52 :

Center/Center cell distance, 0.093 1inch

Electrolyte resistance, 15 ohm cm

Manifold diameter, 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 ahms >
Stack currents, 10 to 30 mA/cmé

Cell area 600 cm? and 1,000 cm?

Number of manifolds, 4

Cell quadrant area, 150 cm? and 250 cmé
No open circuit stand time (eq 2)
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From Table A3 and Table 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 channe1s
larger electrode area

smail manifeld 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
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Sandia National Laboratories

Albuquerque, New Mexico 87185

May 15, 1981

Dr. Richard Bellows .
Exxon Enterprises Incorporated
P. 0. 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 over 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°c. o

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 cycles 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 efficlency 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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Dr. Richard Bellows -2- May 15, 1981

upward trend is apparent. When the pH exceeds 3.5, the
solutions will be adjusted with HBr, as per instructions.

The only problems encountered during the first hundred
cycles involved the electrolyte pumds. About every month
and a half we have had to grease the shaft bhushing 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 53°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 cyclz2 tests using the baseline
cycles, The data has not yet been reduced, but we are seeing
a dip in the discharge voltage, near the end of discharge,
as opposed to a straight line (refer to Figure 3), We are
unsure if this is real or a data recocder 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
until our fume hood is installed. Ve will then operate
the battery using computer control undet the same general
test schedule as the 8-cell stack. We will contact you
when we are ready to- install the battery, which will be
around the middle of June.

‘Sincerely,

. ) 2 e -y 4
7 G ;Zlaaixf —

Paul C. Butler
Division 2525

PCB:2525:3h

N
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