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Abstract

This report documents Phase 2 of a project to design, develop, and test a zinc/bromine battery tech-
nology for use in utility energy storage applications. The project was co-funded by the U.S.
Department of Energy Office of Power Technologies through Sandia National Laboratories. The
viability of the zinc/bromine technology was demonstrated in Phase 1. In Phase 2, the technology
developed during Phase 1 was scaled up to a size appropriate for the application. Batteries were
increased in size from 8-cell, 1170-cm? cell stacks (Phase 1) to 8- and then 60-cell, 2500-cm? cell
stacks in this phase. The 2500-cm> series battery stacks were developed as the building block for
large utility battery systems. Core technology research on electrolyte and separator materials and
on manufacturing techniques, which began in Phase 1, continued to be investigated during Phase 2.
Finally, the end product of this project was a 100-kWh prototype battery system to be installed and
tested at an electric utility.






DEVELOPMENT OF ZINC/BROMINE BATTERIES
FOR LOAD-LEVELING APPLICATIONS:

CONTENTS PHASE 2 FINAL REPORT
Contents

Executive Summary ES-1
1. Introduction 1-1
2. Advances in Core Technology 2-1
Electrode SubSIrate RESISTIVILY ..oc.veuveeuieeiieieeeeier ettt et cae et ee e e et et e sen e sne sreenmnenns 2-1

Cathode ACtIVALION LLaYET ... oottt e ce et e et e st eateeeae e aneseesneenneans 2-1

Carbon Paper Cathode Layer ........cccoo et ce e s e 2-2

Cathode Layer AARESIVE .......eeieeiiriiiieeeir ettt sttt et enee st e e s e ees 2-2

Cycled Battery EIECITOES -......covieieriiiiieeeiee ettt st e e s 2-2

Terminal Electrode Development..........cc.vocceimeeirieceicnccc et e 2-4
Separator DeVEIOPIMENT .....o.coivieeee ettt st e e s 2-5
Quaternary COMPIEXING AZENS ....cc.eriemrieieiretiereereeetrsee st aec st e me s serab e seanae st bee s s an e 2-6

Bromine Distribution and Evaporation Stuady .........cccccovirrniniiininececrcecee e 2-8

Experimental Complexing AZeNt. ..o e 2-10

ZINC PIAliNE... ittt ettt et e ee e s st s et e e e e e e s e et st e n e snna s es e anees 2-11

3. Battery Design, Fabrication, and Qualification 3-1
Battery DESIZI ... cveeieieirecete et ettt et e e st ettt ettt e e et st sene e re e naes 3-1

Stack and Battery ASSEmDbIY ........ccoiriiiiiiieier ettt e e e s 3-1

4. Battery Testing 4-1
8-cell, 117O-cm2, I-KWh Battery TeStng. . .co ettt et 4-1

Battery VI-67 (1 KWh) oottt s 4-1

Battery VI-08 ... o ettt s e e e s 4-1

Battery VI-09 ..c.e.n ittt sttt ettt e e 4-4

Battery VI-T0 .ottt n et b s s e 4-5

Battery VI-T1 oottt ettt st s sas s e R e e st e ne s s 4-5

Battery V172 .ttt e bbbt s a s e ae et eas 4-5

Battery VI-73 ettt ettt s st s s e 4-8

Battery VI-T4 ...ttt e e s n b ne st s seas 4-8

Battery V175 et ettt st b s s ens 4-9

Battery VI-T6 ettt e 4-9

Baltery V=77 ettt crer e sttt ettt s b s s s re s 4-11

BAery VI-T8 ..ottt ettt et oo e b s e s e nannens 4-12

Battery VI-T9 oottt ettt st e e e e 4-12

Battery VI-80 ... .ottt ettt e e st a e e e s n e e 4-12

BAtEry VI-81 ..ottt ettt ettt en ettt sere e s en e nanssaesnes 4-13

Battery VI-83 .. . ittt oottt e e r e e ae e e 4-15

Battery VI-84 ... ... ottt et e r e as et sa s st a e en 4-15

Batlery VI-85 oottt s 4-15

Battery VI-80... .ottt st e e 4-16

8-cell, 2500-cm2, 2-KWh BAUETY STACKS ......co..veeeemreeeeeeeeeeeeeeeeseeeseeeesessssssesssesssesesasessssesssnsssessaneeas 4-16

Battery V25-01-08.. ..ottt ee st st sae e sr st san s ns 4-19

Battery V25-02-08......ooiieieeie ettt ettt st e sa e s 4-19

Battery V25-03-08....c.oriieiteeerireceeen e cneeete st ctretsee s st essce s tes b nee e e e e b asenennes 4-21

Battery V25-04-08....c.comiieeeeeeieeeecnteet ettt cesesse s ese st e st e s e e sn s e nese e nr s 4.21

Battery V25-05-08....c..ccrririrreeeeireieiireetreeteentes e ersaesse s sss s sae et e s e ssers s e e snenns 4-21

Battery V25-06-08.......oo ettt esvet e tebe s sae st e e e a s enne s 4-21

Battery V25-07-08....c it s oot st st sesne e es s aesaes s sser e s s s e s eemas s sanesnens 4-23

i



DEVELOPMENT OF ZINC/BROMINE BATTERIES
FOR LOAD-LEVELING APPLICATIONS:

PHASE 2 FINAL REPORT CONTENTS
Contents (continued)

Battery V25-T0-08.......cciioteiereirierietrieeretreetet et eete st eseree s sttt s e neasanessasvacs 4-23

Battery V25-12-08.......oie ettt et b e en et 4-23

Battery V25-13-08...curieeeeeeetcree ettt et ettt se e st ne s 4-25

Battery V25-27-08....o et eeeese sttt sttt et st eae st ae e s encannen 4-25

Battery V25-30-08......ooiiiieeeere et sttt 4-25

Battery V25-32-08......oiiiete ettt e e 4-27

Battery V25-33-08 ..ottt esree e n e e e b 4-27

Battery V25-37-08......o ettt ettt aeaenes 4-27

60-cell, 2500-cm?® Battery Stack QualifiCation........cocoeeuiiiiieiirieeeieeeee e et 4-29
Batteries Delivered for Testing at SNL ..ot 4-29

SNLSI8 (8-Cell, 1-KWH) ettt ee s n e s e 4-29

SNLS526 (50-Cell, IS-KWh) woorieiiieiecieieeeeee ettt st sa e neenene 4-29

5. Additional Battery Testing 5-1
INO-SIFID CYCIINE ..ottt ettt st a e ee e a s e meneanatoaeaaeson 5-1
Overvoltage and Internal Resistance (IR) TESHNE.....c.coceuirirriviieieireriiiriieeeeecee e e 5-3
High-rate DISChArGe.....o.cicviiiiice ettt et s st e e 5-6
Electrode ReCONAIONING «...ocviiriieiieeeeieieetece et eetee et eeseeecassraaseesseasesetesseessessneneeeneeseennension 5-6

Effect of Orientation on Battery Performance...........coocooiiririiniriiinnceeteect ettt 5-8
Simplified Frequency Regulation/Spinning Reserve (SFRSR) Testing.....cccooeveerccceniicreecccecnenen 59
LOW-temMPETAtUTe STUAY «...oeooiiiirieeieeeeeeeee ettt aeeere s et s s saessnssssaess e aaseeseareseenseeseeaanesenesenteases 5-10
Electrolyte UtHZation STUAY ....oc.veevieieiineceecreeeeee e st e asbe s s e s e ba e s e e sea s e aseeseseseneeanes 5-11

Stand Heating StUAY ....cooeeee ettt e e e s aess e be e sae e neeneasasa s sttt e e et e s sesne s 5-11

Gas Generation at the ANOGE ........ccoiiiiiiririeie ettt ettt ne 5-12
Nonflow Zinc/Bromine Batery .......cocooviiimiciieiiiiicceect ettt e 5-12

6. 2500-cm” Battery Design 6-1
Cell StACK DESIZN ...ttt ettt s ettt et et e e e ne et st naesaeatesaeaesananesnens 6-1
Heating/Cooling REQUITEMENTS ......coiviiiirieeieieieeieeieeicteceeeteeesvee st es e esseasasseaceaceesateassueearanseseseenenaranaan 6-1
Thermodynamic EffICIENCY «..co.eeiireeiiie ettt e neees 6-1

Practical Cooling REQUITEMENTS .......ccveeetiririeeniee e escere e see st e eeen e sessesevesesenenees 6-2

Environmental IMPACE ........coovvimiioiiieiereee ettt et eee e evane st e s e ee e en s 6-3

Zinc Bromide and Zinc ChIOTIE ......cooceveeieienirierecieieeee et st 6-3

BIOMNINE ...ttt ettt st e em e s e b st s e et s et e nen 6-3

Quaternary Ammonmium I0n SaltS .......ocoooiiiiiiiiicce e 6-4

7. Battery System Design and Manufacture 7-1
Battery Stack ManUfaCIUTING ....cc.ociiiiiiiieie ettt st ettt et en e eent e e s neeseneeneas 7-1

2-KWh CONTOL SEALOMN.......ccoeiiiiieieetiiree et et st et eee ettt se s aet s et ees et st nesemenesasenesrenes 7-2
100-kWh Deliverable Battery Desi@n .....cccocoviiiririierieieceeie ettt ettt e 7-2

Battery Controller and SOftWAre .......cc..ooeioiiiiiitre ettt e e eee 7-4
100-kWh Battery System Manufacturing..........cooeeeeioieieiirenieiecer et e sceee s see e seen e 7-6

8. Summary and Conclusions 8-1
9. References 9-1
10. Publications 10-1

v



DEVELOPMENT OF ZINC/BROMINE BATTERIES
FOR LOAD-LEVELING APPLICATIONS:

CONTENTS PHASE 2 FINAL REPORT
Figures
2-1. Overvoltage vs. Number of Cycles for Cycled Batiery Electrodes. ..............ooouoveeovvememeereoeereeeeeeeennn. 2-3
2-2. Overvoltage vs. Electrochemical Surface Area for Cycled Battery Electrodes..........ooovooeeeeoreeencnn. 2-3
2-3. Volume of Second-phase in Load-leveling EIECtrolyte. .........cooveiieeeeeeeeereeeeeeeeeeeeseseeeeeeeoeeoeeon 29
2-4. Bromine Concentration in Second-phase for Load-leveling Electrolyte. ...........coovvuvueeeveveeeeeeeenenn. 2-9
2-5. Bromine Concentration in Catholyte Aqueous Layer for Load-leveling Electrolyte. ........................ 2-10
2-6. Beaker-scale Overvoltage Curves for Bromine Electrodes at 30°C. ...........ooveevveveeeeeeeeveeeenn 2-12
2-7. Effect of Temperature on Overvoltage of Bromine Electrodes for Various Complexing Agents....... 2-12
4-1. Cycle Efficiencies for Battery V1-67 (Includes Baseline and No-strip Cycles). .......ccvevvvererrerereen.... 4-4
4-2. Baseline Cycle Efficiencies for Battery V1-68.............ccooouimimieieeieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeveosos 4-5
4-3. Baseline Cycle Efficiencies for Battery V1-69...........coooieiiiimomiiimieceieeeeeeeeeeeeeeeeeeeeeee e eeees e 4-6
4-4. Baseline Cycle Efficiencies for Battery V1-71..........ovooiioeooiieeieeeeeeeeeeeeee e e oo 4-6
4-5. Baseline Cycle Efficiencies for Battery V1-72.......ccooeveuoioieceireeeeereeeeoeeeeeeeeee e eeee e eerenn 4-7
4-6. Baseline Cycle Efficiencies for Battery V1-73. ... oo 4-8
4-7. Baseline Cycle Efficiencies for Battery V1-74. ........oooooiimimioeeeeeeeeeeeeeeeeeeee e ee e er e 4-9
4-8. Baseline Cycle Efficiencies for Battery V1-75. ..ot 4-10
4-9. Baseline Cycle Efficiencies for Batiery V1-76........co.voiioiiueeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 4-10
4-10.  Baseline Cycle Efficiencies for Battery VI-T7......ccooovooomoiiiieeeeeeeeeeeeeeeeeeeeeeee e eeee e, 4-11
4-11.  Baseline Cycle Efficiencies for Batlery V1-T8..........ooooeieieiiviaieeeeeeeeeeeeeeeeeeeeeeeee e eeeeeeses s e 4-12
4-12.  Baseline Cycle Efficiencies for Battery V1-79.........cooooioiiiioieeeeeeeeeeeeeeeeeeeeeeeeeeee e, 4-13
4-13.  Baseline Cycle Efficiencies for Battery V1-80..........ccoouriiieeiiininioceeoeeee e eeeseeeeeeeeeeeeeeeeesseessrans 4-14
4-14.  Baseline Cycle Efficiencies for Battery V1-81.......c.oooiiiomieemomieeceeeeeeeeeeeeeeeeeeeeeeee e, 4-14
4-15.  Baseline Cycle Efficiencies for Battery VI-83.........ooiiomiimeeeeeceeeeeeeeeee e s s 4-15
4-16.  Baseline Cycle Efficiencies for Battery VI-84...........coouimimiiimieiioreeeeeeeeeeeeeeeeee s eeeeeeeeeeese e 4-16
4-17.  Baseline Cycle Efficiencies for Battery VI-85.........cvviiieeeeeeeeeeeeeeeeeeeeeeeee e ee e 4-17
4-18.  Baseline Cycle Efficiencies for Battery V1-86..........c.ooocrcrreiieeieiinceeeeeeeeeeeeeeee e ee e seneoe 4-17
4-19.  Baseline Cycle Efficiencies for Battery V25-01-08. .....c.ooovemimiiiieeeeeeeeeeeee e eeeeee 4-20
4-20.  Baseline Cycle Efficiencies for Battery V25-02-08. ........cooouiieviuivieemereeeeeeeeeeeeeeeeeeeeseeeseeeeeeeee e 4-20
4-21.  Baseline Cycle Efficiencies for Battery V25-04-08. ..........ooeoeieieimeiieoteeeeeeeeeeeeeeeeeeeee e eeesee e 4-21
4-22.  Baseline Cycle Efficiencies for Battery V25-05-08. .......coooomomemimimeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e er e 4-22
4-23.  Baseline Cycle Efficiencies for Battery V25-06-08. ........ocoooevoviviveeemeneeeeceeeeeeee e eeeeeeeeeeee s 4-22
4-24.  Baseline Cycle Efficiencies for Battery V25-07-08. ........oooroeioiioeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 4-23
4-25.  Baseline Cycle Efficiencies for Battery V25-10-08. ........ccoooiioiiiieeeeeeeeeeeeeee oo 4-24
4-26.  Baseline Cycle Efficiencies for Battery V25-12-08. ......covuieieeiiieeeeeeeeeeeeeeee e ee e ees s rerens 4-24
4-27.  Baseline Cycle Efficiencies for Battery V25-13-08. ......coovviiiiriiieeeeeeeeeeeeeeeeeee e s eeeeeeeen 4-25
4-28.  Baseline Cycle Efficiencies for Battery V25-27-08. ......c.oomeeiuioiiieeeeeeeeeeeeeeeeeee e eeeveseeeeeeen 4-26
4-29.  Baseline Cycle Efficiencies for Battery V25-30-08. ...ccecevveeimeeeeeeiie oo eeeaeeee e 4-26
4-30.  Baseline Cycle Efficiencies for Battery V25-32-08. .......coooooroeoiiieeeieieeeeeeee e eeeee e eeenenen 4-27
4-31.  Baseline Cycle Efficiencies for Battery V25-33-08. .......ccooooveviiiremeiereeeeececeee e eeeeen 4-28
4-32.  Baseline Cycle Efficiencies for Battery V25-37-08. ..........coiemoimeieeeeeeeeeieeeeeeeeeeeeee e seees e eeans 4-28
4-33.  Baseline Cycle Efficiencies for Battery SNLS18. ........ccoouiiommoieeei et eeeeeseees 4-30
4-34.  Baseline and No-strip Cycle Efficiencies for Battery SNLS26. .......couvoieiimieeeeeeeeeieeeeeeeeeeeeeeeeenn 4-31
5-1. Energy Efficiency over a Set of Six Consecutive Cycles without StHPPIng. ....c...cceveveeemmieeeeceecan. 5-2
5-2. Overvoltage Losses for Battery V1-74 Measured by the Current-interrupt Method. ...........occooveveec.... 5-4
5-3. IR Losses for Battery V1-74 Measured by the Current-interrupt Method............c.oeemeeeiceeeeceeeeeeene. 5-4
5-4. Battery Overvoltage Losses versus Cycle Life. ...ttt 5-5
5-5. Battery IR Losses versus Cycle Life........oiiiierneneereiicceete e e 5-5
5-6. Overvoltage and IR Losses During Discharge Cycle (V1-80, 1-KWh). .....c.coovoveiooieeeeeeeeeeeeesenen 5-6
5-7. Discharge Voltage Profiles for a 60-Cell, 2500-cm?® Battery Stack. .c..ccooveeieceii i 5-7
5-8. SFRSR Cycle for Zinc/Bromine BAtleTY. .....ccocotevrirrieiereteteeeeteesc e eeeeses s seese st s e oo eeemenens 5-10
7-1. Depiction of a 33-kWh Battery Module. .........cococviermrroeiieceiiretste et sere et 7-3
7-2. Front and Back Views of the 100-kWh HazMat Building. ..........ccocovvememeeeemeeeieiieecececeeeeeeeeeeean. 7-4
7-3. Detailed View of 33-kWh Battery Module........cocooiiioiiiiieieecee et 7-5




DEVELOPMENT OF ZINC/BROMINE BATTERIES
FOR LOAD-LEVELING APPLICATIONS:
PHASE 2 FINAL REPORT CONTENTS

2-1.
2-2.

2-9.
2-10.
2-11.

4-1.
4-2.
4-3.
4-4.
4-5.
4-6.
5-1.
5-2.
5-3.
5-4.
5-5.
5-6.
5-7.
5-8.
5-9.
5-10.
5-11.
6-1.
6-2.
7-1.
7-2.

Tables

Cathode Layer Properties for Various Types of AdheSIVES.......ocooemrimiiiiiieiene 2-2
Overvoltage and Surface Area for Cycled and Uncycled Bromine Electrodes .........cooovinoinieininnnne 2-4
Resistance of Carbon Plastic Test Samples ..o e 2-5
Resistance of Terminal Electrode SAmples.......cccooeeriereirrioiiiiiiiiir et 2-5
Properties of Experimental Separator Materials ...........cocooooiiiiiiinii e 2-6
Properties of Vendor-prepared Separator COmMPOSILIONS ......coeveiieiiiieeinienieiiee e 2-7
Experimental Separator RESUILS ......c...occeieiiinieiiiiici et 2-7
Bromine Diffusion for Experimental Separators—Contribution from

Complex and AQUEOUS PRASES ........cceoiiuirmiiirieriieireeecrieeeie et sn e s s 2-8
Quaternary Complexing Agent COMPATISON .......oeierirrerrerientiee ettt st 2-8
Single-Cell Battery Efficiencies for Experimental Quaternary Complexing Agents ......c.ccoveveveveennen 2-11
Aqueous Bromine Concentration and Evaporation Rates for Experimental

Quaternary COmpleXing AGENES ......ccvueireereueriereteericsce e e eosrs st es s e er s ns s sessasessesesease s sennsses 2-11
V-Design Battery Stack Performance ...t e 4-2
Overview of 8-cell, V-Design Battery Testing.......coccoiieiiiiiiiiieiee et 4-3
Cycle Efficiencies for Battery VI-67 ......oo oottt sttt s e es e 4-4
Overview of 8-cell, 2500-cm? Battery Testing. ..o oie et 4-18
Performance of 60-cell, 2500-CINZ SEACKS vreoeeeoeeeeee oo eeee e e s e eeeme e eee et eeereseeeseeeeaesesasenenoranasnne 4-19
Final Average Efficiencies of Battery SNLS18 ....cocooioiiiiccne e siciccnere e 4-29
No-strip Cycle Efficiencies for Battery V1-60.......ccocoviiiiiniiiiiiiiecceviee e 5-1
Average of Six No-strip Cycles Compared to Baseline Cycle Results .........ccoovrimiinin 5-2
Performance of Battery V25-07-08 During Consecutive Cycles Without Stripping ..........coeeveeenenne. 5-3
Effect of Discharge Rate on Performance for a 60-cell, 2500-cm? Battery Stack ....cccoevrreinicecenencne. 5-7
Baseline Cycle Efficiencies Before and After Electrode Reconditioning .........c.ocooooviviiiiiiccnniinnns 5-8
Cycle Efficiencies for Vertical and Horizontal Orientation for Battery VL-15 ... ...l 5-8
Constant-power DISCharge TEeStS ......covviiervereeeer ettt st s s rn e e e e 5-9
Frequency Regulation Discharge for Battery V1-64 ... 5-10
V1-50 Frequency Regulation EffiCiencies. ..o 5-11
Zinc Utilization Study for Battery VI-62 .......ccooieieiriieccniteiiiteiivesree e e 5-11
Energy Efficiencies for Single-cell Nonflow Battery During Stand-Loss Cycling........cccocovnivnieane. 5-13
Calculated Heat* and Electrical Power in a Single Cell for a Constant-current Cycle at 25 A ............ 6-2
Battery Cooling ReqUITEMENTS.........oouieieiieeieiceeete ettt st sme s e sas s e e eansean 6-3
100-kWh Battery SpecifiCatiOns ......ccecceieirieireeerttec ettt eetrn et ee e meesestesae e ss e meas s nens e sanernans 7-6
Fault and Shutdown Conditions for 100-kWh Battery ..........ccoeriiiiiiiccriciieneenerree e 7-7

vi



DEVELOPMENT OF ZINC/BROMINE BATTERIES
FOR LOAD-LEVELING APPLICATIONS:

ACRONYMS PHASE 2 FINAL REPORT
Acronyms
Cp heat capacity
DOE U.S. Department of Energy
ESSP Energy Storage Systems Program
IR internal resistance
JCBGI Johnson Controls Battery Group, Inc.
MEP N-ethylpyrrolidinium bromide
MEM N-ethylmorpholinium bromide
PCS power conversion system
PLC programmable logic controller
Tpm revolutions per minute
SFRSR Simplified Frequency Regulation and Spinning Reserve
SNL Sandia National Laboratories
T&D transmission and distribution
ZBB ZBB Technologies, Inc.

vii



DEVELOPMENT OF ZINC/BROMINE BATTERIES
FOR LOAD-LEVELING APPLICATIONS:
PHASE 2 FINAL REPORT ACRONYMS

Intentionally Left Blank

viii



DEVELOPMENT OF ZINC/BROMINE BATTERIES
FOR LOAD-LEVELING APPLICATIONS:
PHASE 2 FINAL REPORT

EXECUTIVE SUMMARY

Executive Summary

The U.S. Department of Energy (DOE) has long
recognized the potential for utility energy storage and is
currently supporting programs to develop advanced bat-
tery systems, such as the zinc/bromine battery, for these
applications. The zinc/bromine battery development
program is being cost-shared with the DOE through the
Energy Storage Systems Program (ESSP) at Sandia
National Laboratories (SNL). The objectives of the
zinc/bromine battery development program are to
design, fabricate, evaluate, and optimize a zinc/bromine
battery system suitable for electric utilities.

The zinc/bromine load-leveling battery develop-
ment contract was partitioned at the outset into two
phases of equal length. Phase 1 (Contract No. 40-8965)
was completed at Johnson Controls Battery Group, Inc.
(JCBGI). Phase 2 was started at JCBGI but was transi-
tioned to another company when JCBGI sold the busi-
ness. The technology was acquired by ZBB Technolo-
gies, Inc. (ZBB), and the fabrication and
troubleshooting of the final deliverable system was com-
pleted under Contract No. AF-5435.

Phase 1 started in September 1990 and continued
through December 1991. In Phase 1, zinc/bromine bat-
tery technology was advanced to the point that it was
clear that the technology was viable and that it would be
an appropriate choice for electric utilities wishing to use
stationary energy storage facilities. Criteria were estab-
lished that addressed most of the problems that had been
observed in previous development efforts. The perfor-
mances of 8-cell and 100-cell laboratory batteries dem-
onstrated that the criteria were met or exceeded.

In Phase 2, a 100-kWh battery was built, and dem-
onstration of the complete 100-kWh battery system was
initiated. At the same time, work continued on identify-
ing improved assembly techniques and operating condi-
tions. This report details the results of the efforts carried
out in Phase 2. The highlights are listed below.

* The performance of 1170-cm? vibration-welded
battery stacks gradually improved during the
course of the contract. Battery V1-79 completed
1036 deep-discharge cycles before the energy
efficiency declined by 10% from the peak value
of 76.0%.

* A new cycling regime that is more appropriate
for the electric utility industry, the Simplified
Frequency Regulation and Spinning Reserve

(SFRSR) test, was explored using a cycler on
loan from SNL.

A stand-test procedure was developed using a
50-cell stack. The test was used to measure the
heat generated during the stand and to calculate
bromine transport. As anticipated, the battery
warmed, and the average bromine transport
decreased during a stand. Battery orientation
studies indicated that the transport current was
higher when the cell stack was mounted hori-
zontally. Beaker-scale tests to measure hydro-
gen gassing were developed and conducted.

Mini-cell tests showed favorable results with
one experimental quaternary complexing agent.
Another experimental quat appeared to complex
the bromine too tightly and gave poor battery
performance.

Special tests with battery V1-71 were conducted
to simulate utility-type cycle regimes. In four
trials, this battery completed 52, 56, 69, and 78
continuous one-hour charge/one-hour discharge
cycles before the 1.0-V/cell low-voltage cutoff
was reached.

An electrode reconditioning process demon-
strated significant improvements in efficiencies
for three poorly performing batteries. The pro-
cess appears to be much more successful if it is
performed before the battery energy efficiency is
allowed to get 100 low. Improved life expectan-
cies were demonstrated when the procedure was
performed reguiarly.

A 60-cell, 2500-cm? battery stack delivered
greater than 19 kWh when it was discharged
over a three- to six-hour period.

Modifications in the design of the 2500-cm*-
series flow frames demonstrated improved bat-
tery performance. Energy efficiencies as high as
78% were observed on baseline cycles for 8-cell
stacks. Stacks with 60 cells have achieved 77%
energy efficiency.

Several battery stacks were manufactured with
experimental battery separators that demon-
strated better properties than the standard zinc/
bromine battery separator in beaker-scale tests.
Battery V1-86 achieved 80.2% energy efficiency
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on baseline cycles and 81.2% energy efficiency
on cycles without stripping. This is the best-per-
forming battery stack to date.

Eight 60-cell, 2500-cm? battery stacks were
qualified for use in the 100-kWh deliverable bat-
tery system. Each stack achieved greater than
75% energy efficiency on baseline cycles.

A coating applied to the carbon plastic electrode
substrate demonstrated a 50% reduction in the
resistance of terminal electrodes. This corre-
sponds to at least a 1% increase in voltaic effi-
ciency.

A more conductive carbon plastic substrate was
manufactured and demonstrated an increase in
energy efficiency of about 2%.

Experimental separator materials were devel-
oped with 25% lower resistivity and a bromine
transport rate 25% lower than that of the stan-
dard zinc/bromine battery separator.

Postmortem evaluation of battery electrodes
confirmed the occurrence of increased overvolt-
age and decreased surface area of the cathode
activation layer in cycled batteries.

A high-surface area bromine electrode was
developed with two to three times the surface
area of previously prepared electrodes. The
surface area of electrodes at the end of the con-
tract was about 10,000 cm%/cm?, compared to
2000-3500 cm?/cm? for earlier electrodes. An
electrode with an even higher surface area of
50,000 cm?/cm?® was also developed, but was
not tested in a battery. The higher surface areas
are expected to extend the cycle life expectancy
of the batteries.

»  Manufacture of the 100-kWh battery was com-
pleted. The design consists of three compart-
ments containing battery modules and a
compartment for electrical panels, a scrubber,
and a heat exchanger. These are all contained in
a sealed HazMat building.

* Battery stacks with 2500-cm? electrode area are
capable of withstanding 23 to 24 psi before
bursting. Under normal operating conditions,
the battery stack observes a pressure of 6 to
8 psi, so a safety factor of about 3 has been built
nto the battery stacks.

+ The wining for the 100-kWh deliverable battery
system was completed. Communication
between a personal computer and four program-
mable logic controllers (PLCs) has been accom-
plished. The major components of the system
were installed and were tested.

» Three 33-kWh battery modules were installed in
the 100-kWh building. Short cycling of these
modules through the power conversion system
(PCS) was initiated for calibration purposes and
to test fault conditions. Electrical noise between
the PCS and the battery delayed initial testing of
the 100-kWh battery system, but methods were
developed to eliminate the noise.

The most critical development during Phase 2 was
the ability to assemble a battery stack that remains leak-
free. The task of sealing the battery stack using vibra-
tion welding has undergone significant improvement
resulting in a viable production process. Developments
made in battery component materials and testing proce-
dures have demonstrated improvements in battery per-
formance and life expectancy.

A method of determining the thermal management
properties of the battery and an introduction to the envi-
ronmental aspects of the battery system are also pre-
sented 1n this report.
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1. INTRODUCTION

1. Introduction

Because of the increasing demand for high quality,
low cost electricity in the United States, utilities will
need to modify their generation as well as their trans-
mission and distribution (T&D) resources in the future.
Concerns relating to matters such as air quality and the
potential health effects of electromagnetic fields may
delay the installation of these energy resources. There-
fore, utilittes are currently examining alternatives to
these upgrades that will allow them to remain competi-
tive in the marketplace.

One economically attractive alternative to utility
upgrades is the use of battery energy storage. Batteries
can be charged during off-peak periods and provide the
necessary energy to customers when it is needed. Bat-
teries have traditionally been considered only as a load-
leveling resource, but recently they have been investi-
gated as a multipurpose energy-storage option. Some of
the potential benefits include T&D deferral and
improved power quality. Economic and environmental
benefits to the utilities have been identified, but the
acceptance of batteries as an energy-storage option
depends on the development of a low cost, reliable bat-
tery system.

The U.S. Department of Energy (DOE) has long
recognized the potential for utility energy storage and is
currently supporting programs to develop advanced bat-
tery systems, such as the zinc/bromine battery, for these
applications. The zinc/bromine battery development
program is being cost-shared with the DOE through the
Energy Storage Systems Program (ESSP) at Sandia
National Laboratories (SNL). The objectives of the
zinc/bromine battery development program are to
design, fabricate, evaluate, and optimize a zinc/bromine
battery system suitable for electric utilities.

Toward this end, SNL awarded a cost-shared con-
tract for a multiphase research project to Johnson Con-
trols Battery Group, Inc. JCBGI). JCBGI completed
Phase 1 of the contract, the results of which are docu-
mented in SAND99-1853, Development of Zinc/Bro-
mine Barteries for Load-Leveling Applications: Phase 1
Final Report. JCBGI began work on Phase 2, but the
technology was acquired by ZBB Technologies, Inc.,
(ZBB) where the work was completed as documented in
this report.

The goal of Phase 1 was to demonstrate the viabil-
ity of the zinc/bromine technology for use in load-level-
ing applications. During this phase, the size of the bat-

tery stacks was limited to 1170 cm®.  Scale-up to
2500-cm” stacks would begin in Phase 2 if Phase |
results succeeded in demonstrating the technology’s via-
bility.

This viability of the technology was demonstrated
in Phase I when a number of criteria were met, including
the following:

1. Demonstrating ieak-free battery stacks.

2. Demonstrating steady long-term operation by
achieving more than 100 cycles with less than a
10% drop in energy efficiency.

3. Achieving energy efficiencies of approximately
75%.

4. Demonstrating six consecutive no-strip cycles.
5. Verifying battery cost of $150/kWh or less.

6. Addressing safety issues associated with the bat-
tery.

Major progress during Phase 1 included refining
battery components and manufacturing techniques,
which minimized leaks and improved battery perfor-
mance.

In Phase 2, the new 2500-cm? cell stacks, designed
for an electric utility battery, were developed while core
technology research continued. The end objective of
Phase 2 was the demonstration of a 100-kWh system at
a utility installation. Based on the results of this testing
and utility interest, larger systems could be tested in the
future.

The zinc/bromine battery differs from conventional
lead/acid batteries because the electrolyte is circulated
and stored external to the battery stack. The system
consists of battery stacks, electrolyte storage reservoirs,
and an electrolyte circulation system. The flowing elec-
trolyte is necessary to ensure uniform zinc plating on the
anode, 1o separate the reactive bromine from the electro-
plated zinc in the battery stack, and to improve thermal
management. For more information on zinc/bromine
batteries, see Chapter 37 of the Handbook of Batteries,
by David Linden.

A bipolar electrode design is used to increase the
specific energy of the battery. During charge, zinc is
electroplated on the anode, and bromine is evolved at
the cathode. A complexing agent in the electrolyte is
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used to reduce the reactivity and vapor pressure of the
elemental bromine by forming a polybromide complex
with the bromine. This minimizes the self-discharge of
the battery and significantly improves the safety of the
system. The complexed bromine is removed from the
stacks with the fiowing electrolyte and is stored in an
external reservoir. On discharge, the complexed bro-
mine is returned to the battery stacks, where zinc is oxi-
dized to zinc ions and bromine is reduced to bromide
ions. The electrochemical reactions during charge are
given as follows:

Overall: ZnBr, — Zn + Br,
Anode: Zn* +2¢ = Zn
Cathode: 2Br — Brp + 2¢

Bromine Complex:  QBr1™ + nBr; — Q(Bry)nBr’

QBr” = Complexing Agent

The zinc/bromine battery stack contains nearly
100% plastic materials. Only a thin metal screen imbed-
ded in the terminal electrodes is necessary to collect the
electrical current in the x-y plane of the electrode. Plas-
tic electrodes contain carbon for electrical conductivity

and glass to minimize warpage. Separators are
microporous silica-filled polyethylene. Each electrode
and separator is welded into a polyethylene frame that
contains channels and diverters to distribute the flowing
electrolyte uniformly across the face of the electrodes
and separators. Alternating electrode and separator flow
frames are then welded together between glass-filled
polyethylene endblocks to form a hermetically sealed
battery stack. A patented endblock design was devel-
oped 10 maintain the dimensional stability of the battery
stack under pressure. The electrolyte normally flows
through the battery stack under a pressure of 6-8 psi,
and tests have demonstrated that the burst strength of the
stack is about three times the operating pressure.

The potential advantages of the zinc/bromine tech-
nology include high specific energy (70 to 80 Wh/kg),
rapid recharge (two to four hours), deep-discharge capa-
bility (100%), a finite self-discharge, and a built-in ther-
mal management system. Inexpensive raw materials
and mass-production manufacturing techniques give this
battery system a potentially low initial cost (about
$150/kWh) and a stack replacement cost of about
$50/kWh.
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2. ADVANCES IN CORE TECHNOLOGY
Electrode Substrate Resistiviry

2. Advances in Core Technology

This section describes improvements made in bat-
tery components. Improvements included lower-resis-
tance electrode materials, cathode activation layers with
increased electrochemical surface area, and separators
with reduced bromine diffusion rates and lower resis-
tance.

Electrode Substrate Resistivity

The carbon-filled plastic used for electrodes was
produced by several compounding and extruding ven-
dors. Several carbons were used at different concentra-
tions. In general, the resistivity decreased as the amount
of carbon black in the plastic increased. While the
decrease in resistivity was expected, another, unex-
pected effect was that the plastic became more difficult
to process as the carbon content increased. The resistiv-
ity of the carbon-plastic extruded sheets was reduced to
2 10 4 Q-cm from that of the original material, which
was about 8.6/Q-cm. New techniques to extrude and
weld the carbon plastic have been developed.

Cathode Activation Layer

Early 8-cell and larger battery stacks reached the
end of life at around 250-300 cycles. The cause of fail-
ure was most often a loss of activity of the porous, active
carbon surface on the bromine electrode. Other cell
stacks were found to develop a similar problem immedi-
ately following special tests. Therefore, work was
undertaken to identify (a)the nature of the problem,
(b) the cause, and (c) which active surface is more sus-
ceptible. This work was performed with small, 4-cm?
electrode samples that were either cut from battery elec-
trodes or specially prepared for the testing.

The cathode activation layer is a carbon coating that
is applied to the bromine side of the carbon plastic elec-
trode and is then heat-pressed into the plastic. This
high-surface-area coating is necessary to compensate for
the relatively low exchange current density for the bro-
mine/bromide reaction on carbon. The life-limiting
mechanism for earlier battery stacks was associated with
the deterioration of the cathode activation layer, which
caused a rapid increase in overvoltage near the end of
battery life. Higher-surface-area cathode layers have
demonstrated low electrode overvoltage and the ability

to increase the life expectancy of the battery. A great
deal of work has been performed on increasing the elec-
trochemical surface area of the bromine electrode.

The electroactive surface areas of bromine test elec-
trodes are measured using a cyclic voltammetric
method. The technique measures double-layer capaci-
tance, which is directly proportional to the electroactive
surface area of the electrodes.

Heat-press conditions were optimized for the fabri-
cation of full-size bipolar electrodes made with Lot 11
carbon-plastic backbone. Full-size electrode heat-press
conditions were evaluated and optimized via a combina-
tion of scratch-test physical testing and electrochemical
surface area and overvoitage tests. Because of unstable
electrode contacts, beaker-scale accelerated cycle-lhfe
tests cannot be run on samples of the full-size bipolar
electrodes. However, the favorable test results for the
new electrodes should translate into a favorably long
cycle life. Similar test procedures were also used to
optimize the heat-press conditions for terminal elec-
trodes. The different mold requirements and increased
viscosity of the thermally preworked terminal electrode
carbon-plastic backbones necessitate developing opti-
mum heat-press parameters that differ from those for the
bipolar electrodes.

Optimizing the heat-press parameters produced low
overvoltage as well as significantly higher surface areas
than those seen previously. Bipolar electrodes were pro-
duced with 52-mV overvoltage at 250 mA/cm” and sur-
face areas of 3600 cm?cm>. Terminal electrodes have
been prepared with 43-mV overvoltage at 250 mA/cm®
and surface areas of 5500 cm>/cm>. Overvoltage of less
than 100 mV at 250 mA/cm? is considered good. The
highest surface areas before this optimization were
3000 cm?/cm? for bipolar electrodes and 2000 cm?/cm?
for terminal electrodes. The higher surface areas
appeared to correspond to longer lifetimes for zinc/bro-
mine batteries.

A very-high-surface-area cathode layer has been

- developed and was tested in Battery V1-80. These bro-

mine electrodes had high surface areas of 10,000 to
15,000 cm?/cm?, as compared to 2000 to 3500 cm?/em?
for previous batteries. These new cathode layers have
shown low overvoltage of 30 to 40 mV at 250-mA/cm?
discharge rates and are expected to improve the life
expectancy of the battery. The high-surface-area cath-
ode layer demonstrated very good performance over the
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first 900 cycles for Battery V1-80. Another type of cath-
ode layer with an electrochemical surface area of about
50,000 cm?/cm” has also been developed, but it was not
tested in a battery.

Beaker-scale bromine electrodes prepared from a
new carbon powder with a high specific surface area
(about 3000 mz/gm) were compared to electrodes pre-
pared from the standard carbon, which has a surface
area of 1200 m*/gm. The results were not as promising
as expected. Despite the higher-carbon-powder surface
area, the electrodes made with the new carbon gave
slightly lower electrochemical surface area and higher
overvoltage (particularly at high current densities) than
the standard carbon. The new carbon had a much
smaller particle size than the standard carbon, and the
carbon layer did not appear to be as thick as for the stan-
dard coating. The new carbon is small and flake-like.
Consequently, the particles may have lain flat on the sur-
face of the electrode substrate, resulting in a very thin
carbon surface layer. These factors may have contrib-
uted to the lower active surface area observed for the
new carbon powder.

Carbon Paper Cathode Layer

The carbon paper electrodes were assmbled into
Battery V1-75. The battery achieved good initial perfor-
mance, but the performance declined significantly after
only 16 baseline cycles. An internal leak was suspected,
because of the appearance of complexed phase bromine
in the anolyte reservoir during cycling. After testing, the
electrodes showed a very good electrochemical surface
area on the bipolar cathode, but the terminal cathode had
very low surface areas. This is because the manufacture
of the terminal electrode cathode layer was optimized
for the carbon powder, but not for the carbon paper.

Cathode Layer Adhesive

A conductive adhesive is used to bond the cathode
activation layer to the carbon plastic electrode substrate
in the zinc/bromine battery. Overvoltage and surface
area results for several adhesives are compared to the
standard product in Table 2-1. The results indicate that
each of the alternative materials could be a potential
replacement for the standard adhesive. Each of these
materials was also found to have good resistance to bro-
mine.

Sample A is a commercial adhesive and was used to
fabricate the electrodes used in Battery V25-33-08. The
battery performed consistently over the first 127 base-
line cycles with a very low overvoltage of 0.5 mV/cell at
a discharge rate of 14 mA/cm”. Sample B was not used
in a battery because it was not a commercial product.

The first attempts at using the new aqueous-based
adhesive to make porous carbon layers resulted in good
initial electrode performance, but very poor accelerated
cycle-life performance. Research is needed to find a
way of stabilizing the ohmic contact of the cathode
layer, which may improve its cycle life.

Cycled Battery Electrodes

Samples of the electrode materials taken from
cycled batteries showed a range of overvoltage and sur-
face area values. Figure 2-1 indicates that there was lit-
tle correlation between overvoltage and number of
cycles, but Figure 2-2 shows a strong correlation
between the electrochemical surface area and the over-
voltage. The samples with low surface area exhibited
high overvoltage.

Electrochemical overvoltage and surface area for
bipolar and terminal battery bromine electrodes from
recent teardowns are given in Table 2-2. It is clear from

Table 2-1. Cathode Layer Properties for Various Types of Adhesives

Overvoltage at

Electrochemical

Adhesive 250 mA/cm? Surface Area
Type (mV) (cm?/cm?)
Standard 12,453
Sample A 12,876
Sample B 14,375
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Table 2-2, Overvoltage and Surface Area
for Cycled and Uncycled Bromine Electrodes

Bipolar Electrodes

Terminal Electrodes

Overvoltage Surface Overvoltage
Battery Number @ 20 mA/cm? Area @20mA/cm?  Surface
Number of Cycles (mV) (cm?cm?) (mV) Area
V1-64 21.8 892 135 2966
V1-66 153 686 113 635
V1-68 32 218 766 20.5 2063
(5.5) (1641)
V1-73 171 36.5 1524 151 860
(2.5) (3097)
V1-75 24 8.3 2625 12.5 4141
2.5) (3097)
V1-80 985 14 6753
VL-17 10 2239 182 469
VL-18 11 1878 93.5 1375
VL-19 201 11.5 2031 115 5391
VL-20 201 11.8 1953 10.5 5657

Note: Overvoltage and surface area of bipolar electrodes before cycling are in parentheses.

the data that cycled battery electrodes with lower sur-
face areas (<1500 cm?cm?) tend to give poor overvolt-
age results.

The electrodes with the highest surface area had the
lowest surface overvoltage losses; conversely, those with
the lowest surface area had the highest overvoltage
losses. This indicates that the cathode should be made
with as high a surface area as possible. Work was per-
formed to optimize the heat-press process to produce
high-surface-area cathodes that are also physically
strong.

The results in Table 2-2 show that the overvoltage
increases and the surface area decreases during cycling.
Also, the electrodes with surface areas greater than
about 1500 cm*cm? (V1-75, VL-19 and VL-20) still
have fairly low overvoltage.

Terminal Electrode Development

Terminal electrodes for 1170-cm? battery stacks
were prepared by imbedding a metal screen into a car-
bon plastic substrate. The metal screen is necessary to
uniformly distribute the current in the x—y plane of the
terminal electrode. All terminal electrode development
done during this program was for 1170-cm® terminal
electrodes.

In the past, the resistance from the electrical con-
nection to the face of the electrode was higher than pre-
dicted. Also, the resistance measured from the face of
the terminal electrode to the stud was higher than the
resistance from the front to the rear face. This higher
resistance indicated that there was a significant resis-
tance at the copper screen/carbon plastic interface. The
working face has 0.075 in. of carbon plastic and the
entire part measures 0.100 in. A new method of prepar-
ing terminal electrodes was developed that reduced the
resistance from the copper stud connection to the face of
the electrode by 50%, from 0.5 Q 10 0.25 Q. This reduc-
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tion in terminal electrode resistance resulted in approxi-
mately a 2% increase in battery stack voltaic efficiency.

Test plaques were prepared by sandwiching two
pieces of copper screen separated by two layers of
Lot 08 carbon plastic. The first part was molded with
bare Lot 08 carbon plastic. The second part was molded
with plastic that had been specially coated. The resis-
tances are shown in Table 2-3.

The coated plastic was also used to mold terminal
electrodes. All samples were made with two sheets of
Lot 08 plastic and two sheets of Lot 11 plastic. The
Lot 11 carbon plastic was much more conductive than
the Lot 08 plastic, but delamination occurred if multiple
sheets of Lot 11 plastic ware pressed together without
Lot 08 plastic between them. TE-1 (TE = terminal elec-
trode) used all uncoated Lot 11 plastic, while both TE-2
and TE-3 were made with sheets of coated Lot 11 plas-
tic. Resistance results are given in Table 2-4 for termi-
nal electrodes made with coated and uncoated carbon
plastics.

The results in Table 2-4 show that the coating
reduced the face-to-stud resistance of the terminal elec-
trode by about 33%.

Separator Development

The zinc/bromine battery separator provides a bar-
rier between the two sides of the electrochemical cell. It
is necessary to allow the exchange of ions from one side
of the cell to the other with minimal transport of bro-
mine from the cathode to the anode. The characteristic
parameters for the separator are the electnical resistivity
and the rate of bromine diffusion. In the past, a tradeoff
between the two properties was observed, but a large
amount of effort has been made to minimize both of
these separator characteristics.

The resistivity is measured in 0% state-of-charge
electrolyte using a cell with known electrode dimen-
sions. [t is calculated by the difference between mea-
surements made with and without the separator in place.
The bromine diffusion is a measure of the amount of
bromine transferred from one side of a diffusion cell to
the other over a given period of time. In a diffusion cell.
one side contains a simulated 100% state-of-charge
catholyte while the other side contains a simulated
100% state-of-charge anolyte that is completely free of
bromine.

The goal of the separator development work was to
obtain a material with better properties than the standard
material. Resistivity and bromine diffusion of labora-

Table 2-3. Resistance of Carbon Plastic Test Samples

Plague

Number Variable Resistance
none 36.5 mQ
2 coated plastic 16.3 mQ

Table 2-4. Resistance of Terminal Electrode Samples

Sample Plastic Resistance
Number Used Face-to-Stud (Q2)
TE-1 Uncoated 0.65
TE-2 Coated 0.44
TE-3 Coated 0.46
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tory-prepared separator samples containing various
types of additives were compared to the standard zinc/
bromine separator in Table 2-5. Sample No. 115-A con-
tains no additives, while the others contain from
0.15-1.5% of additives that could improve certain prop-
erties of the separator. Table 2-5 shows that most of the
experimental separators gave results that are similar to
or slightly better than Asahi SF-600, particularly in
resistivity.

After the lab trials, a series of compression-molded
polyethylene compositions was prepared by a materials
vendor. The results shown in Table 2-6 indicate higher
than expected bromine diffusion. In particular, earlier
samples made with the same composition as Material D
in Table 2-6 had bromine transport of about 80% that of
the Asahi separator and resistivity of about 67% that of
the Asahi separator. The reason for the discrepancies in
results is not known.

A large number of separator materials were manu-
factured by a separator vendor and tested for resistivity
and bromine diffusion. The properties of the two most
promising experimental battery separators are compared
to the standard zinc/bromine battery separator in
Table 2-7. Each of these samples was extruded on pro-
duction-scale equipment. Both experimental samples
had better properties than the standard separator mate-
rial. To examine the electrochemical performance,
8-cell battery stacks were manufactured from each
production material. Battery V1-84 was manufactured
with separator 9502-10TA, and Batteries V1-85 and
V1-86 were made with separator 95064-TA. Reason-
ably good performance was achieved for each of these
battery stacks, as discussed in Chapter 4 under “8-Cell,
1170-cm”, 1-kWh Battery Testing” Battery V1-86
achieved the highest efficiencies of any battery to date.

The transport of bromine through the separator in a
zinc/bromine battery can be attributed to two possible
mechanisms. One possible mechanism is the separator
being wetted by the bromine complex. allowing elemen-
tal bromine to transfer from one side of the separator to
the other. A second possible mechanism is bromine that
1s in equilibrium with the aqueous-phase diffusing
through the separator. To estimate the contributions
from these two forms of transport, two different diffu-
sion tests were run. The first experiment was run with a
combination of complexed-phase bromine and agueous-
phase catholyte. The second used only aqueous-phase
catholyte with no complexed-phase. The aqueous-phase
had previously been in equilibrium with the complexed-
phase, and then the two phases were allowed to separate.
The results of these diffusion tests are given In
Table 2-8.

Both mechanisms contribute significantly to the
bromine diffusion. The contribution from the aqueous-
phase is 45-70% of the total amount of bromine that dif-
fuses through the separator. Also, the samples that gave
the lowest bromine transport in the presence of com-
plexed-phase (9502-10TA and ISFS-TA) had a higher
percentage of bromine transported from the aqueous-
phase.

Quaternary Complexing Agents

Baseline cycle results for load-leveling electrolyte
containing an experimental quaternary complexing
agent are compared to standard ioad-leveling electrolyte
results in Table 2-9. This particular quaternary com-
pound contained an iodide ion form as opposed to the
usual bromide ion form because the iodide form was
commercially available. Also included in the table are

Table 2-5. Properties of Experimental Separator Materials

Resistivity Bromine Diffusion

Sample Number (Q-cm) (Mole-cm/sec/cm?)
115-A 18.2 2.06E-10
115-B 18.1 1.44E-10
115-C 19.5 1.81E-10
115-D 17.4 2.74E-10
115-E 17.3 2.15E-10
Standard 23.1 1.97E-10

0, ]
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Table 2-6. Properties of Vendor-prepared Separator Compositions

Sample Thickness R Thickness Br, Diffusion Normalized to
Number (mm) (Q-cm?) (mm) (mole/sec/cm?) Asahi
A-1 0.52 1.19 0.55 3.47E-10 1.95
A-2 0.51 1.17 0.50 2.5E-10 1.41
A-3 0.50 1.17
B-1 0.51 1.24 0.53 3.45E-10 1.94
B-2 0.51 1.23 0.50 3.05E-10 1.72
B-3 0.51 1.23
C-1 0.54 1.07 0.52 3.74E-10 2.10
Cc-2 0.52 1.02 0.55 3.47E-10 1.95
C-3 0.54 1.00
D-1 0.52 0.75 0.50 3.55E-10 1.99
D-2 0.52 0.81 0.49 3.43E-10 1.92
D-3 0.49 0.82
Standard 0.58 1.21 0.58 1.77E-10 1.00
0.58 1.18 0.58 1.80E-10
0.58 1.14 0.58 1.87E-10
0.57 1.28
0.57 1.27
0.57 1.26

Table 2-7. Experimental Separator Results

Separator Thickness Resistivity Bromine Diffusion

Type (mils) (Q-cm) (mole-cm/sec/cm?)
9502 - 10TA 27.0 17.6 1.30x 10°'°
95064 - TA 23.0 17.5 1.39x 10710
Standard 235 23-25 1.97 x 10710

L |
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Table 2-8. Bromine Diffusion for Experimental
Separators—Contribution from Complex and Aqueous Phases

Bromine Diffusion Bromine Diffusion Ratio
Separator (Aqueous and Complex) {Aqueous Only) Aqueous/
Sample (mole-cm/sec/cm?) (mole-cm/sec/cm?) Complex
9502-102T 469x 1070 263x10° " 0.56
9502-10TA 1.40x 10710 9.86x 10°"! 0.70
ISFS-T 485x 10710 220x 101 0.45
ISFS-TA 1.41x 10710 8.56 x 10" 0.61
Standard 2.13x 107 1.13x 10710 0.53

Table 2-9. Quaternary Complexing Agent Comparison

Coulombic Voltaic Energy
Efficiency Efficiency Efficiency
Electrolyte Type (%) (%) (%)
Standard 86.1 84.7 72.9
Experimental Quat 84.5 76.0 64.2
Standard with 0.2M Kl 75.8 829 62.9

results for load-leveling electrolyte containing standard
quat with the addition of 0.2 M potassium iodide (KI),
to show the effect of iodide ions on efficiencies. The
information in Table 2-9 indicates that the lower effi-
ciencies for the experimental complexing agent may be
caused by the presence of iodide ions in the electrolyte,
as opposed to the complexing agent itself. Following
these tests, only the bromide forms of the complexing
agents were considered for use in a battery.

Bromine Distribution
and Evaporation Study

A series of synthetic catholyte solutions was pre-
pared using load-leveling electrolyte components. The
objective was to measure the bromine in the aqueous-
phase and oily-phase. In making these samples, it was
assumed that nearly all the quaternary ions from the
anolyte would shift to the catholyte during charge.

The volume of second-phase increases as the state
of charge increases, but extrapolates to above zero at
low states of charge, as seen in Figure 2-3. The oily-
phase in the 10% state-of-charge sample did not form
right away, but separated out after standing overnight.
The concentration of bromine in the oily-phase was cal-
culated from the amount of bromine added and the vol-
ume of oily-phase seen. The bromine concentration also
increased with the state of charge, as shown in
Figure 2-4. For this calculation, it was assumed that the
amount of bromine transferred to the aqueous-phase was
negligible. The concentration of bromine in the aque-
ous-phase was directly titrated and is shown iIn
Figure 2-5. The bromine concentration is higher at low
state of charge because the bromide ion concentration is
higher.

Quaternary salts with improved complexing capa-
bilities can enhance the battery system's performance in
two ways. The self-discharge of the battery will be

2-8
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Figure 2-4.  Bromine Concentration in Second-phase for Load-leveling Electrolyte.
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Figure 2-5.  Bromine Concentration in Catholyte Aqueous Layer for Load-leveling Electrolyte.

reduced because of a lower aqueous bromine concentra-
tion, and the safety of the system will be improved
because of reduced bromine vapor pressure.

Experimental Complexing Agent

Single-cell battery efficiencies for load-leveling
electrolyte with experimental quats are compared to the
standard electrolyte in Table 2-10. The electrolyte with
one experimental quat (B) was slightly more resistive
than the standard (16.2 Q-cm as opposed to 14.2 Q-cm),
which is indicated by the lower voltaic efficiency. Addi-
tionally, the coulombic efficiency for the experimental
quat 1s significantly higher than for the standard, while
the energy efficiencies are essentially the same at a
20 mA/cm’ charge/discharge rate. At a lower rate of
15 mA/cm?, the energy efficiency for the new quat is
higher than for the standard, primarily because of the
reduced transport losses.

Another experimental quat (C) had even lower bro-
mine evaporation rates than Quat B, but gave much
lower energy efficiencies (50%) than the other two
quats. Most of the inefficiency (27%) was because of
residual losses. Decreasing the quaternary salt concen-
tration by 50-75% did not significantly improve the per-
formance of the battery. Even a blend of Quat C with

the standard quat gave only about 60% energy effi-
ciency, whereas electrolyte made with the standard quat
or Quat B gave about 73% energy efficiency. It is
believed that the experimental Quat C forms a very
strong complex with bromine, causing a large amount of
unreacted bromine to remain at the end of discharge.

Beaker-scale tests were run to determine if the elec-
trode overvoltage is influenced by the type of complex-
ing agent in the electrolyte. Previous tests indicated that
three experimental complexing agents have stronger
bromine complexing ability than the standard according
to the relative order C > G > B > Standard, as shown in
Table 2-11. Based on the improved complexing ability
of these experimental quats, battery performance was
expected to increase because of reduced bromine con-
centration in the aqueous-phase catholyte, which in turn
reduces self-discharge. However, cycles run in single-
cell batteries have shown that the experimental com-
plexing agents caused a decrease in battery voltaic per-
formance, which prevented any gains in overall energy
efficiencies.

The overvoltage tests showed that the experimental
quats caused an increase in electrode overvoltage to a
degree consistent with their complexing ability (that is,
C > G > B > Standard), as seen in Figure 2-6. This was
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Table 2-10. Single-Cell Battery Efficiencies for
Experimental Quaternary Complexing Agents
Coulombic Voltaic Energy Transport Residual
Current Efficiency Efficiency Efficiency Inefficiency Inefficiency

Quat Type Density (%) (%) (%) (%) (%)
Standard 20 mA/cm?® 87.8 83.1 73.0 7.2 5.1
Quat B 20 mA/cm? 91.5 79.9 73.1 49 3.6
Quat C 20 mA/cm? 64.5 77.2 49.7 8.6 27.0
Standard 15 mA/cm? 86.1 86.3 74.3 10.9 3.0
Quat B 15 mA/cm? 91.7 83.7 76.8 5.2 3.0

Table 2-11. Aqueous Bromine Concentration and Evaporation
Rates for Experimental Quaternary Complexing Agents

Aqueous Br, Br2 Evaporation
Quat Type (Mole/Liter) (mg/cm2-min.)
MEP 0.024 33.0
Quat B 0.010 17.6
Quat C 0.0037 11.0
Quat G 0.006 130

anticipated because it should take more energy to break
the stronger complex, and thus the electrode overvoltage
would be higher. Figure 2-7 shows that the overvoltage
of the electrodes in each of the electrolytes decreases as
the temperature increases. Not only was the electrode
overvoltage higher with the experimental quats, but the
resistances of electrolytes were also higher. The trend
toward increased resistance follows the order B > G >
C > Standard. The combination of increased electrode
overvoltage and increased resistance of the experimental
quats as compared to the standard quat appears to
explain the poor performance observed when cycling
the batteries with these complexing agents.

Zinc Plating

Electrolytes from two poorly performing battery
stacks, when cycled in a minicell, yielded zinc deposits

that had a poor, mossy appearance compared to normal-
looking zinc deposits. Samples of smooth and mossy
zinc deposits were analyzed by (1) leaching in nitric
acid and testing for total oxidizable carbon, and
(2) chloroform leaching followed by infrared spectros-
copy. The results indicated that the poor zinc deposits
had higher carbon content and that an oily material was
present in them. The source of these impurities was not
investigated.

Electrolyte pH is considered to have an important
effect on zinc plating quality and may be a factor in the
mossy zinc observed. It has been reported that as the pH
of the electrolyte approaches 4.0, mossy zinc may
appear.2 The pH was measured for electrolytes taken
from recently failed batteries and showed that the batter-
ies that had mossy zinc plating also had a higher pH
than the other batteries.
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Battery Design

3. Battery Design, Fabrication, and Qualification

Battery Design

The zinc/bromine battery is composed of three
parts: the cell stack, the reservoirs, and the electrolyte
circulation system. The electrode reactions take place in
the cell stack. The battery starts each cycle with the
same composition ZnBr, electrolyte in each reservoir.
The two electrolytes are continuously pumped in sepa-
rate circulation loops through the anode and cathode
chambers in the stack. During charge, zinc is plated on
the anode side of a bipolar electrode, while bromine is
formed on the cathode side. The bromine instantly
forms a complex with quaternary ammonium ions in the
electrolyte, and this complex separates from the aqueous
solution forming a second, denser liquid phase.
Depleted aqueous electrolyte and second-phase flow
continuously from the stack and are replaced by fresh
electrolyte from the reservoirs. The newly produced
second-phase falls to the bottom of the catholyte reser-
voir because it is denser than the aqueous solution. The
second-phase remains in the catholyte reservoir
throughout the charge period. Then, during discharge,
an emulsion of second-phase and aqueous solution is
circulated through the cathode chamber. The bromine,
complexed in the second-phase and to a lesser extent
dissolved in the water, reacts at the cathode surface to
form bromide ions. In the anolyte, the plated zinc metal
oxidizes to form zinc ions.

Stack and Battery Assembly

Each cell stack is composed of a number of bipolar
electrodes and cell separators with terminal electrodes
on either end. The electrodes are made from electrically
conducting carbon plastic and are thermally welded into
a nonconducting plastic flow frame. The flow frame
contains the channels and openings used to conduct the
electrolyte to and from the electrodes. The same flow-
frame design is used for both electrodes and separators.
The flow frames are vibrationally welded together to
form the body of the cell stack. Rigid endblocks are
placed outside the terminal electrodes to resist outward
bending forces that are present when electrolyte is
pumped through the stack.

During Phase 1, 25 8-cell and 7 larger cell stacks
were produced in the effort to refine the assembly pro-
cess and to collect operating data. Some of the more

significant changes in the production process included:
a new injection mold for the flow frame that had a more
uniform electrolyte flow pattern, changes in the vibra-
tion weld surfaces and process, modified tooling on the
welding machines, and a change to a different welding
machine.

During Phase 2, the cell-stack manufacturing pro-
cess underwent continuous improvements. Some of
these improvements included better fixturing methods
(during the welding process), improvements in electrode
manufacturing, changes in separator cleaning, and a
refinement of the thermal welding parameters. A larger
welding machine for the 2500-cm? battery stacks was
installed, and the welding process was transferred to it.
An automated data collection system that records the
assembly parameters was initiated as part of long-term
quality control.

Because one of the goals of the project was to dem-
onstrate leak-free battery stacks, burst testing was used
to evaluate the strength and integrity of the welds. Each
time a change was made in the welding process (for
example, adding more weld beads, using a different size
of weld beads, etc.), cells manufactured using that pro-
cess were filled with pressurized air until the welds
began to fail. (When welds fail, they make a “popping”
sound.) Under normal operating conditions, the pressure
of the flowing electrolyte is between 6 and 8 psi. The
goal was to obtain a safety factor of about 3 for the
welds. In other words, cells should be able to withstand
around 24 psi before bursting (weld failure). Cells that
burst at low pressure were opened to determine where
the failure(s) occurred. The results of the burst tests
were used to refine the manufacturing process. Once a
given manufacturing technique demonstrated consistent
welds, cells were manufactured for life-cycle testing.

Before beginning life-cycle testing, water (rather
than electrolyte) was circulated in the cells to ensure
that there were no obvious leaks. The presence of elec-
trolyte crossflow, which could indicate ripped or cracked
separator material, was also checked during water test-
ing. Cells that successfully passed water testing were
filled with electrolyte and began life-cycle testing.

When a manufacturing process was developed that
could consistently produce leak-free, 2500-cm?® cells
stacks, attention shifted to improving other subsystems
of the battery system. Specifically, the heavy AC motors
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used to run the circulation pumps were replaced by which allows efficient adjustment of the flow rate. This
brushless DC motors. The motor revolutions per minute simplified the electrolyte circuit because vaives were no
(rpm) are controlled by a pulsewidth modulator circuit, longer needed to adjust the pump output.
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4. Battery Testing

8-cell, 1170-cm?,
1-kWh Battery Testing

The 1170-cm? vibration-welded (V-design) battery
stacks were originally developed to demonstrate the fea-
sibility of the vibration welding process for sealing bat-
tery stacks. These stacks are currently being used for
cycle-life testing of battery components and for demon-
strating new testing procedures.

The standard cycle used for gathering baseline
data consists of a 4.5-hour charge at 20 mA/ecm? fol-
lowed by a discharge at the same current to a cutoff volt-
age of 1.0 V/cell. The battery is then fully discharged,
or stripped, through a resistor to 0 V. Battery efficien-
cies are calculated from the amp-hours (coulombic) and
watt-hours (energy) removed from the battery until the
cutoff of 1.0 V/cell is reached. The voltaic efficiency is
the ratio of the average discharge voltage and the aver-
age charge voltage. Any capacity left in the battery after
the 1.0-V/cell cutoff (unevenly deposited zinc and bro-
mine retained in the cathode activation layer) is consid-
ered as residual losses. Transport losses, which include
diffusion of bromine across the separator and shunt cur-
rents, can also occur during cycling.

The performance and cycle life of 1170-cm? vibra-
tion-welded batteries have improved significantly since
the beginning of Phase 1 of the contract, as seen in
Tabie 4-1. The end of life is considered to be a 10%
decline from the peak energy efficiency for the battery
stack.

Batteries V1-53 through V1-57 were manufactured
and tested during Phase 1 of the contract and averaged
71.8% energy efficiency over an average of 290 baseline
cycles.

A lower-resistance carbon plastic electrode material
was developed and tested in Batteries V1-72 through
V1-77. Low-resistance terminal electrodes allowed
Battery V1-76 to achieve slightly higher energy effi-
ciency than the other batteries. This series of batteries
achieved an average cycle life of 447 cycles and an aver-
age energy efficiency of 74.6%.

Optimized cathode-layer pressing parameters were
used to manufacture Battery V1-79. This battery com-
pleted 1036 baseline cycles before the energy efficiency
declined by 10% from the peak value of 76.0%. Testing

of this battery stack continued until the performance
declined by 20% from the peak.

Battery V1-80 was manufactured using low-resis-
tance terminal electrodes and a very-high-surface-area
cathode activation layer. The terminal electrodes were
about 50% lower in resistance than previously prepared
electrodes, and the cathode layer had about three times
the surface area of the electrodes used in Battery V1-79.
The improvements incorporated into Battery V1-80
have resulted in higher energy efficiencies and should
extend the life of the battery.

Batteries V1-84 through V1-86 were manufactured
using experimental separator materials. The separators
demonstrated about 25% lower resistance and 30%
lower bromine transport than the standard zinc/bromine
battery separator. Battery V1-86 achieved over 80%
energy efficiency on baseline cycles.

Table 4-2 gives an overview of the performance and
failure modes for all 8-cell, 1170-cm?, V-design battery
stacks tested during Phase 2 of this contract. Testing
performed on each individual battery stack is described
in more detail below.

Battery V1-67 (1 kWh)

This battery was used primarily for no-strip cycling
tests. The results for these tests are shown in Table 4-3.
As expected, the results demonstrate that no-strip cycle
regimes afforded a significant increase in efficiency by
reducing residual losses.

After completing 105 cycles, testing of
Battery V1-67 was suspended so that other batteries
could be cycled. The battery was cycled again after
being off test for nine months. The additional cycles
showed no degradation in performance during the time
that the battery was not being tested. A total of 110
cycles were run on this battery stack. Figure 4-1 shows
a plot of the cycle efficiencies for the battery.

Battery V1-68

Initial testing of Battery V1-68 gave respectable
efficiency levels such as 89.7% coulombic efficiency,
81.4% volaic efficiency, and 73.0% energy efficiency.
Early tests for this battery included some high-
power tests with supported electrolyte during

4.1
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Table 4-1. V-Design Battery Stack Performance

a
Battery Manufacture Cycles 2‘:;99; P:;l:;::;sy
Number Date Completed Efficiency
V1-53 3/91 325 72.6% 74.6%
V1-54 4/91 218 71.0% 74.4%
V1-55 4/91 366 71.7% 74.2%
V1-57 4/91 250 71.4% 75.9%
(Avg.) 290 71.8%
V1-72 10/92 504 73.3% 75.3%
V1-76 1/93 325 76.4% 77.9%
V1-77 3/93 5813 74.7% 76.7%
(Avg.) 447 74.6%
Vv1-79* 6/93 1500 71.7% 76.0%
(1036) (73.5%) (10% degradation)
V1-80 2/94 985 76.8% 79.0%
V1-84 5/95 25 74.4% 77.7%
V1-85 5/95 20 72.5% 75.1%
V1-86 6/95 34 78.3% 80.2%

* See text to explain parenthetical values.

e e e ——

Cycles 5 through 7. After running these tests, the
electrolyte was changed to the baseline electrolyte.

Different electrolytes were studied in an attempt to
decrease the bromine vapor pressure and increase the
life expectancy of the cathode activation layer. The mix-
tures studied did not produce favorable results under
baseline test conditions. The first experimental electro-
lyte was installed after 15 cycles were run on the battery.
The battery voltage increased significantly after about
1.5 hours of charge and, some time before this, a precip-
itate began to settle out in the anolyte reservoir. About
2.5 hours into charge, the increase in voltage stopped,
and the precipitate was no longer present. After
2.9 hours of charge, the voltage started to drop as if the
battery had developed a short. Additionally, a great deal
of gas was generated at the anode during the entire
cycle. Performance on this cycle was 47.6% coulombic
efficiency, 77.4% voltaic efficiency, and 36.8% energy
efficiency, with 32.5% transport inefficiency and 19.9%
residual inefficiency. Following this cycle, the electro-

lyte was replaced with the standard load-leveling formu-
lation, and performance returned to normal.

Another electrolyte mixture was tested in this bat-
tery at Cycle 27. This solution had previously been
tested in a mini-cell with favorable results. In this 8-cell
battery, the performance of the new electrolyte mixture
was similar to that of the other experimental electrolyte.
After three cycles were run with this electrolyte, stan-
dard load-leveling electrolyte was returned to the bat-
tery, but the battery’s performance did not recover. A
significant amount of internal leakage became evident
when large amounts of complexed-phase bromine in the
anolyte were observed early in discharge. Figure 4-2
shows cycle efficiencies for Battery V1-68.

When tomn down, the battery exhibited signs of
localized heating in a small portion of one of the cells.
The electrode, separator, and spacing mesh also showed
some degree of melting. Adjacent cells had heat dam-
age in the same area but to a lesser extent. Although no

4.2
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Table 4-2. Overview of 8-cell, V-Design Battery Testing

Peak Cou- PeakVoltaic Peak Energy

Battery Number .lombic Effi- Efficiency Efficiency Additional information/
Number of Cycles ciency (%) {%) (%) Failure Mode
V1-67 110 88.6 82.9 734 Used for no-strip cycling. Showed no decline in
performance after open circuit stand for 9 months.
V1-68 31 89.7 81.0 72.7 Experimental electrolytes tested. May have

caused failure of battery. Localized heating
caused holes in separator.

V1-69 52 91.9 80.7 74.2 Battery was taken off test to make room for newer
builds. Showed minimal decline in performance
after open circuit stand for 9 months.

V1-70 —_ — —_ —_ Never tested because of leak.

V1-71 195 89.6 82.2 73.6 Baseline cycling. Used for modified utility cycling
regime. Failure caused by leak between vibration
welds.

Vi-72 504 88.4 85.2 75.3 Baseline cycling. Used to test reconditioning pro-
cess. Failure caused by leak.

V1i.73 171 90.0 86.2 77.6 Baseline cycling. Some no-strip. Failure caused
by high overvoltage.

Vi-74 262 90.0 85.8 77.2 Experimental electrode material. No-strip
cycling. Failure caused by high overvoltage.

V1-75 24 90.0 86.9 78.2 Experimental cathode layer. Internal leak sus-
pected, but not located.

V1-76 414 89.7 86.9 77.9 Baseline cycling. First battery tested for recondi-
tioning process. Failure caused by high overvolt-
age.

V1-77 517 894 85.8 76.7 Baseline cycling. Tested reconditioning process
before 10% degradation. Failure caused by high
overvoltage.

V1-78 21 89.8 85.7 76.9 Tested as SNL deliverable. Retested after more
than one year. Failure caused by cracked separa-
tors.

V1-79 1500 89.4 85.1 76.0 Baseline cycling. Ran reconditioning process

regularly. Failure caused by high overvoltage.
Tested to 20% degradation from peak.

V1-80 985 90.3 87.7 79.0 Baseline cycling. Ran reconditioning process
regularly. Failure caused by leak.

V1-81 343 89.5 85.5 76.5 Baseline cycling. Apparent internal weld failure.

V1-82 — - —_ —_ Not used for this program.

V1-83 77 87.8 83.2 73.1 Experimental battery separator. Baseline cycles
run.

V1i-84 25 89.1 87.2 777 Experimental battery separator. Baseline cycies

run. Some poor cycles resulting from insufficient
second-phase.

V1-85 20 85.5 87.9 75.1 Experimental battery separator. Baseline cycies
run. Some poor cycles resulting from faulty sole-
noid valve.

V1-86 34 90.9 88.2 80.2 Experimental battery separator. Baseline cycies
run.




4. BATTERY TESTING
8-cell, 1170-cm?, 1-kWh Battery Testing

DEVELOPMENT OF ZINC/BROMINE BATTERIES
FOR LOAD-LEVELING APPLICATIONS:
PHASE 2 FINAL REPORT

Table 4-3. Cycle Efficiencies for Battery V1-67

Coulombic Voltaic Energy Transport Residual
Efficiency Efficiency Efficiency Inefficiency Inefficiency
Cycle Type (%) (%) (%) (%) (%)
Baseline Cycle 88.1 80.1 70.6 6.0 5.9
No-Strip Cycles 47-52 92.7 79.6 73.7 58 - 15
No-Strip Cycles 53-58 93.1 79.5 74.1 53 1.6
No-Strip Cycles 59—64 92.7 79.4 735 57 1.6

Figure 4-1.
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dendrites were observed, it appeared that some short
dendrites might have formed when the experimental
electrolyte was used, leading to localized overheating.

Battery V1-69

Battery V1-69 completed the first 39 cycles with a
peak performance of 89.1% coulombic efficiency,

Number

Cycle Efficiencies for Battery V1-67 (Includes Baseline and No-strip Cycles).

83.2% voltaic efficiency, 74.2% energy efficiency, 5.2%
transport inefficiency, and 5.7% residual inefficiency.
Because this battery had low energy efficiency com-
pared to batteries built later, it was taken off test after 39
cycles so that other batteries could be tested. The bat-
tery was placed back on test after being on the shelf for
nine months. The performance declined slightly during
this time, but it declined by less than 10% from the peak
performance. The battery was cycled for a total of
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Figure 4-2.  Baseline Cycle Efficiencies for Battery V1-68.

52 cycles, with the final cycle giving 88.0% coulombic
efficiency, 79.6% voltaic efficiency, and 70.0% energy
efficiency. Figure 4-3 is a cycle efficiency plot for Bat-
tery V1-69.

Battery V1-70

This battery was not tested because of a leak at the
right anode stud (right stud if facing the anode side) that
was observed during water testing.

Battery V1-71

The energy efficiency for Battery V1-71 decreased
by more than 10% from the peak after 195 cycles, as
seen in Figure 4-4. At this point the performance had
declined to 83.5% coulombic efficiency, 74.4% voltaic
efficiency, and 62.1% energy efficiency, with 6.6%
transport inefficiency and 10.0% residual inefficiency.
The peak performance for this battery stack was
obtained on the first baseline cycle. It achieved 89.6%
coulombic efficiency, 82.2% voltaic efficiency, and
73.6% energy efficiency with 5.3% transport ineffi-
ciency and 5.1% residual inefficiency.

After the battery’s performance had declined by
more than 10% from the peak, the stack was used to
investigate a modified utility-type cycling regime. The
modified cycles consisted of a charge for 4.5 hours at
20 mA/cm?® followed by a repetitive sequence of
60-minute discharges at 21 mA/cm® and 65-minute
charges at 20 mA/cm®. The charge steps were longer
than the discharge steps to compensate for transport
losses and the difference between charge and discharge
rates. It was also important that the battery was always
at 100% state of charge at the start of each short cycle.
The short charge/discharge steps continued until the
voltage on discharge fell below 1.0 V/cell.

The final trial completed under the short charge/dis-
charge cycle regime terminated at 78 cycles. Previous
runs of this test reached 52, 56, and 69 cycles. During
the last test, Battery V1-71 developed a slow but steady
‘leak and was therefore removed from test. A total of
551 cycles (including both baseline and short cycles)
were completed. When the battery was torn down, it
was found to have a leak between vibration welds on the
bottom surface of the battery stack.
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Battery V1-72

Battery V1-72 leaked during water testing. The
leak was from the seam of the endblock cover near the
catholyte inlet port. This problem had also been
observed on several earlier battery stacks. The leak was
attributed to porosity in the endblock material caused by
high concentrations of blowing agent. The leak was
repaired, and cycling of the battery was initiated.

After Cycle 8, the battery had to be put on a new
test station because one of the pump heads had cracked.
This did not affect battery performance.

During Cycle 458, a circuit that ran the pumps for
the battery failed. The cycling unit continued to charge
and discharge the battery without the pumps running.
At this point in the cycle life, the battery performance
started to decline fairly rapidly. It is not known whether
the outage, and the subsequent pump failure, contributed
to the decline. The pumps were out only during one
cycle, but the outage happened during charge, and the
upper voltage limit of the battery was reached during
this cycle.

By Cycle 460, the performance of this battery had
declined by more than 10% from the peak energy effi-

ciency of 75%. The efficiencies at that time were 84.4%
coulombic, 79.7% voltaic, and 67.3% energy, with 7.3%
transport and 8.2% residual innefficiencies. At this
point, an electrode reconditioning process was run. The
reconditioning significantly improved efficiencies on the
subsequent cycles, as seen in Figure 4-5. The decline in
performance of the battery can be associated with a cor-
responding increase in overvoltage, represented by the
filled circles in the figure. The overvoltage is a measure
of the battery’s inability to perform the desired reac-
tions. Figure 4-5 shows that following the recondition-
ing cycle, the overvoltage decreased, causing the perfor-
mance of the battery to improve.

A split between vibration welds on the end of the
battery stack occurred during Cycle 472. A C-clamp
was placed on the battery stack to hold the weld together
so that the battery could continue cycling.
Battery V1-72 continued cycling for a total of 504
cycles. The efficiencies at the end of testing were 88.4%
coulombic, 79.1% voltaic, and 70.0% energy, with 5.5%
transport and 6.1% residual inefficiencies.

After Cycle 504, the second-phase solenoid valve
became inoperable during a series of six consecutive
baseline cycles. Because the valve remained closed,
only aqueous-phase electrolyte was circulated during
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Figure4-5.  Baseline Cycle Efficiencies for Battery V1-72.

4.7



4. BATTERY TESTING
8-cell, 1170-cm®, 1-kWh Battery Testing

DEVELOPMENT OF ZINC/BROMINE BATTERIES
FOR LOAD-LEVELING APPLICATIONS:
PHASE 2 FINAL REPORT

the discharge portion of the cycle. The battery became
severely overcharged because it could be only partially
discharged during each of the six cycles. It was taken
off test because a small leak developed from the anode
terminal stud connection.

Battery V1-73

Battery V1-73 was run primarily under the standard
baseline cycling regime. A set of no-strip cycles was
started, but it was stopped when it was observed that the
solenoid valve that delivers complexed-phase bromine
to the battery stack during discharge never opened. The
valve failure was observed at Cycle 62. Because no
complexed-phase bromine was fed to the battery, it did
not completely discharge on the first cycle of the set of
no-strip cycles, which caused the battery to be signifi-
cantly overcharged (about 60%) on the subsequent
cycle. The performance did not decline on the following
baseline cycle, so the overcharge did not appear to dam-
age the battery in the short term, but it may have caused
some permanent damage that lowered the life of the bat-
tery.

The energy efficiency of this battery had dropped
10% from the peak value by 146 cycles, as seen in Fig-
ure 4-6. Testing for crossflow in the cell stack indicated

no internal leakage. However, the overvoltage had
increased starting at about Cycle 110, which corre-
sponded to a decline in the voltaic efficiency. The bat-
tery teardown showed moderately rough zinc plating
and some indication that dendrite activity had occurred.

Another potential cause for the battery failure is
that the electrolyte was slightly contaminated with
nickel. The contamination may have come from
cracked pump impellers, which were discovered after
cycling was completed.

Battery V1-74

Battery V1-74 was manufactured using an experi-
mental carbon-plastic electrode material. The material
was more difficult to work with than the standard mate-
rial and did not significantly lower the resistance of the
battery, so it was not used in any other batteries.

The testing regime for Battery V1-74 during the
first 230 cycles consisted primarily of consecutive sets
of six no-strip cycles. After 240 cycles, the energy effi-
ciency had declined by 10% from the peak values (see
Figure 4-7). This battery was torn down at a full state of
charge after completing a total of 264 cycles. The termi-
nal anodes generally had uniform plating, but there were
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Figure 4-6.  Baseline Cycle Efficiencies for Battery V1-73.
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Figure 4-7.  Baseline Cycle Efficiencies for Battery V1-74.

a few rough areas. On the right anode terminal a small
section of dendritic plating had grown into the adjacent
separator. Moderate to severe blistering on the cathode
side was present on a number of the separators, appar-
ently caused by previous zinc penetration on the anode
side. On the right side of the stack, the sixth and seventh
bipolar electrodes were severely warped, which caused
rough plating that had grown into the adjacent separa-
tors. Similar warpage and zinc plating were observed
on the seventh left bipolar electrode. Other than several
isolated areas, the zinc plating was uniform and fairly
smooth. The warpage of the remaining bipolar elec-
trodes was typical.

Battery V1-75

Battery V1-75 was manufactured with bipolar elec-
trodes in which the cathode activation layer was applied
during the carbon-plastic extrusion process. The activa-
tion layer was applied to the terminal electrodes in the
same way as had been done with the previous battery
stacks.

A sudden decline in performance was observed at
Cycle 16, as seen in Figure 4-8. By the last cycle
(Cycle 24), the coulombic efficiency had fallen to 78.7%

and the energy efficiency to 65.9%, and some red bro-
mine complex was observed in the anolyte reservoir.
The battery was torn down at a full state of charge, and a
bad cell was found. Six of the eight cells appeared to
have normal zinc plating, separator integrity, and elec-
trode warpage. In Cell 3, a 2-inch region of the separa-
tor was found to be heavily dendrited, and the adjacent
anode in Cell 4 was bare of zinc at the same location. A
specific cause for the problem was not found, but an
internal leak near the center of the stack, possibly the
result of a center-weld failure, was suspected.

Battery V1-76

The performance of Battery V1-76 declined by
more than 10% after 325 cycles and continued to drop
rapidly through Cycle 341. The residual inefficiency
increased 100% during this decline. See Figure 4-9 for
a graph of the cycle performance. Figure 4-9 also shows
a dramatic increase in overvoltage, which appears to be
the primary reason for the declining efficiencies. This
rapid increase in overvoltage also occurred in Battery
V1-73, which was found (during postmortem evalua-
tion) to have a severely degraded cathode layer.
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The battery was taken off test after completing
414 cycles. Efficiencies were 85.9% coulombic, 76.8%
voltaic, and 66.0% energy, with 7.3% transport and
6.7% residual inefficiencies. A number of attempts to
recondition the electrodes were made without bringing
the performance back into the 10% degradation range.
After the battery underwent the reconditioning process,
its performance improved dramatically, but the improve-
ment did not last for more than a couple of cycles. It
appears that the electrode reconditioning process is
more successful if it is done before the performance of
the battery has degraded significantly. The battery failed
because of high electrochemical overvoltage and an
increase in the battery’s internal resistance.

Battery V1-77

Battery V1-77 had completed 350 baseline cycles,
but the efficiencies were decreasing fairly rapidly, as
seen in Figure 4-10. The cycle performance was at
86.4% coulombic efficiency, 81.4% voltaic efficiency,
and 70.3% energy efficiency, with 6.2% transport and
7.4% residual inefficiencies when an attempt was made
to recondition the electrodes. Following one recondi-
tioning cycle, the efficiencies increased to 90.0% cou-
lombic efficiency, 83.3% voltaic efficiency, and 75.0%

energy efficiency. This was the third battery to realize a
significant improvement in performance following the
electrode reconditioning process.

The electrode reconditioning process was per-
formed a number of times on this battery. Each time the
process was performed, a significant increase in perfor-
mance was observed after the reconditioning cycle. The
increases in efficiencies in Figure 4-10 reveal where the
reconditioning process was performed. As indicated by
the plot, the electrodes needed to be reconditioned after
about 25 baseline cycles.

During the charge portion of Cycle 454, a cooling-
water line broke and filled the spill-containment tray,
completely submerging the pumps. The pumps became
inoperable, and the battery remained partially charged
until the stack could be drained and transferred to
another test station. This pump failure did not appear to
irreversibly damage the battery, but it may have caused
the battery performance to deteriorate more rapidly than
it would have otherwise.

After 517 cycles, the performance of the battery had
declined by more than 10% from the peak energy effi-
ciency of 76.7%. The final cycle gave 84.0% coulombic
effictency, 80.6% voltaic efficiency, and 67.7% energy
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Figure 4-10. Baseline Cycle Efficiencies for Battery V1-77.
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efficiency. This battery failed as a result of high electro-
chemical overvoltage and an increase in internal resis-
tance.

Battery V1-78

Battery V1-78 was built using a new, more conduc-
tive carbon plastic electrode material. Twenty-one base-
line cycles were run with very consistent results. The
cycle efficiencies averaged 89.6% coulombic, 85.6%
voltaic, and 76.7% energy, with 5.4% transport and
5.0% residual inefficiencies. The battery was removed
from test after the 21 baseline cycles and was going to
be sent to SNL for additional testing. Figure 4-11 is a
graph of the cycle efficiencies for this battery.

The battery was never sent to SNL, so it was placed
back on test after being on the sheif for more than a year.
A lower-cost electrolyte was to have been tested, but the
battery gave poor performance. The battery was taken
off test after only 4 cycles. When the battery was torn
down, cracks on some of the separators were visible
near the bottom of the stack. It appears that the separa-
tors may have dried out and cracked while the battery
was not in operation, which probably caused the poor
performance.

100

Battery V1-79

Battery V1-79 was the first V-design battery stack to
complete 1000 baseline cycles with no leaks and less
than 10% degradation in performance. The electrode
reconditioning process was performed on this battery
stack about every 50 cycles, starting at about Cycle 250,
which indicates that overall life of the battery can be
increased significantly if the reconditioning process is
performed fairly regularly. Electrode reconditioning
should be part of a standard maintenance schedule.

The battery completed 1036 cycles before the
energy efficiency declined to 90% of the peak value
(76.0%). Baseline cycling was continued on this battery
stack until the performance declined by 20% from the
peak. Figure 4-12 shows that a total of 1500 cycles
were run on the battery. It achieved only 79.0% cou-
lombic efficiency, 63.1% voltaic efficiency, and 49.8%
energy efficiency on the final cycle. The battery was
taken off test because the performance had dropped by
more than 20% from the peak energy efficiency.

Battery V1-80

Battery V1-80 was prepared using improved manu-
facturing techniques to obtain low-resistance terminal
electrodes and a cathode activation layer with a high
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Figure 4-12. Baseline Cycle Efficiencies for Battery V1-79.
electrochemical surface area. The performance over the Battery V1-81

first 80 cycles was inconsistent because of an insuffi-
cient amount of bromine in the electrolyte. Because of
the large-surface-area cathode layer, additional bromine
needed to be supplied so that the concentration in the
electrolyte was sufficient to maintain consistent cycling.

Battery V1-80 completed 985 baseline cycles with
the last cycle giving 87.4% coulombic efficiency, 79.8%
voltaic efficiency, and 68.9% energy efficiency (see Fig-
ure 4-13). After running a series of six consecutive
cycles over a weekend, the anolyte reservoir was discov-
ered to be nearly empty on Monday momning. From the
data, it appeared that something happened either during
the second cycle on Saturday or the first cycle on Sun-
day. The reservoir was not wet on top, so it did not over-
flow. The battery was taken off test and was found to
have a split on the edge that was toward the back of the
hood (the right edge while looking at the cathode). The
split in the battery was clamped to prevent leakage; the
battery was then rinsed and torn down. This battery was
still performing reasonably well when it began leaking.
No major problems were observed during the teardown.
Failure of this battery was caused by a split between
vibration welds, which caused a leak external to the bat-
tery stack.

Battery V1-81 was assembled to qualify an experni-
mental manufacturing technique. The bipolar electrodes
were the same as those used in Battery V1-80, but the
terminal electrodes were prepared using the original
manufacturing technique, which gives higher resistance.
The battery had completed 334 cycles with very little
decline in efficiencies, but the following cycle showed a
rapid decline in coulombic efficiency, as seen in
Figure 4-14. The battery completed a total of 343 cycles
with the final cycle giving 79.9% coulombic, 82.0% vol-
taic, and 65.6% energy efficiencies, with 11.1% trans-
port and 9.0% residual inefficiencies. Teardown of this
battery stack showed rough plating on the anode termi-
nal electrode, but no sign of any internal weld failures.
The poor plating indicates probable poor electrolyte
flow distribution in the anode terminal electrode. Evi-
dence from later batteries indicates that this may have
resulted from a center weld failure causing a small tear
in the separator.
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Battery V1-83

Battery V1-83 was manufactured to verify the per-
formance of an experimental battery separator mate-
rial. The separator used in this battery stack was higher
in resistance and bromine transport than the standard
material. The energy efficiency was about 5% lower
than for Battery V1-80, which corresponds closely to a
computer simulation based on the properties of the sepa-
rator. The battery completed 77 baseline cycles, with
the most recent cycle giving 84.7% coulombic effi-
ciency, 83.0% voltaic efficiency, and 70.3% energy effi-
ciency. Figure 4-15 shows the baseline cycle perfor-
mance for the battery. Because of the relatively poor
performance, this battery was removed from test to
make room for other batteries.

Battery V1-84

Battery V1-84 was manufactured with an experi-
mental separator that had previously demonstrated good
properties in beaker-scale separator testing. The battery
completed 25 cycles with somewhat inconsistent results,
as seen in Figure 4-16. The battery achieved 77.7%
energy efficiency, but the bromine transport appeared to
be sensitive to the rate of complexed-phase bromine cir-
culated during discharge. Efficiencies varied from
77.7% to 71.6% depending on the amount of bromine

circulated. Batteries manufactured with the standard
separator were not as sensitive to bromine flow rate.
The variations were probably caused by a high rate of
crossflow from one side of the cell to the other. The sep-
arator material used in this stack was warped and diffi-
cult to weld into the flow frames because it was hand-
extracted.

The battery exhibited very low coulombic effi-
ciency on Cycle 17, but this was caused by an insuffi-
cient amount of complexed-phase bromine circulated
during discharge. The valve was set at the same position
as during the previous seven cycles, but the complexed-
phase bromine flow was cut off during Cycle 17. The
last cycle achieved 82.3% coulombic efficiency, 86.6%
voltaic efficiency, and 71.3% energy efficiency. The
voltaic efficiency for this battery stack was very good,
but the coulombic efficiency was inconsistent. The
stack was taken off test to make room for later battery
builds.

Battery V1-85

Battery V1-85 was manufactured with another
experimental separator that also demonstrated good
properties in beaker-scale separator testing. This sepa-
rator material had a different internal structure than the
material used in Battery V1-84, and the oil extraction
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Figure 4-15. Baseline Cycle Efficiencies for Battery V1-83.
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Figure 4-16. Baseline Cycle Efficiencies for Battery V1-84,

was performed on production-scale equipment. The
separator was flat and relatively easy to weld into the
flow frames.

This battery completed 20 cycles with inconsistent
results, as seen in Figure 4-17. The last cycle gave
~ 86.0% coulombic efficiency, 86.3% voltaic efficiency,
and 74.2% energy efficiency. The inconsistent perfor-
mance of this stack was caused by the lack of flow of
complexed-phase bromine during discharge. The com-
plexed-phase bromine valve became plugged on a num-
ber of occasions, causing incomplete discharge of the
battery. It is probable that the solenoid valve, which was
used for testing other battery stacks, was corroded and
incapable of opening completely.

Battery V1-86

Battery V1-86 was manufactured using the same
separator as that used in Battery V1-85, but a post-treat-
ment was used on the separator after the manufacturing
process. The battery completed 34 cycles, with the last
cycle achieving 89.5% coulombic efficiency, 87.5% vol-
taic efficiency, and 78.3% energy efficiency with 6.3%
transport and 4.2% residual inefficiencies, as seen in
Figure 4-18. This battery achieved a peak energy effi-

ciency of 80.2% on baseline cyciing and 81.2% on
cycles without stripping. This is the highest efficiency
obtained for a battery stack with this design.

8-cell, 2500-cm?,
2-kWh Battery Stacks

The 2500-cm? series battery stacks were developed
as the building block for large utility battery systems.
For utility applications, the active area of the battery
stack was increased from 1170 cm? to 2500 cm? to
reduce the part count and to lower the manufacturing
cost of the battery system. The channels and diverters of
the 2500-cm? flow frame were designed to minimize
shunt currents and to improve the flow of electrolyte
across the face of the electrodes. The new design used a
patented glass-filled plastic endblock to maintain
dimensional stability, which eliminated the need for
metal inserts and improved the recyclability of the bat-
tery stack.

Initially, 8-cell battery stacks were manufactured to
demonstrate the design of the larger flow frames and
manufacturability of the stacks. A number of fiow-
frame and endblock design iterations were completed
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over a seven-month period. Once adequate performance
was achieved from 8-cell stacks, production of 60-cell
stacks began.

Several problems were discovered after the post-
mortem analysis of the first 2500-cm? batteries. Com-
plexed-phase bromine was not being evenly distributed
over the face of the electrodes; the complexed-phase
bromine had a tendency to transfer into the anolyte side
of the cell, and some external leakage was observed.
One problem was that some of the diverters and flow
channels were not forming a complete weld with the
adjacent frame. Additional seals were added to the
diverters and vanes, and the heights of existing seals
were increased to improve the distribution of second-
phase. The leakage problem was minimized by reduc-

ing sink marks during the injection molding process.
The quality of the welds in areas where weld beads
cross a flow channel on the adjacent frame was
improved by adding additional weld beads in this area.

Scaling up from 8-cell stacks to 60-cell stacks
revealed that the endblock tended to ship while in the
vibration welding machine. The endblock tooling for
the welder was modified to minimize the slippage.
Minor problems with the vibration welder also surfaced
during development, but modifications were made to
eliminate the errors and to improve the consistency of
the process.

Table 4-4 gives an overview of the testing and
modes of failure for 8-cell, 2500-cm> battery stacks
tested during this program. Batteries with battery num-

Table 4-4. Overview of 8-cell, 2500-cm? Battery Testing

Peak PeakVoitaic Peak Energy
Battery Number Coulombic Efficiency  Efficiency Additional Information/
Number of Cycles Efficiency (%) (%) (%) Failure Mode

V25-01-08 10 79.5 81.7 64.9 Baseline cycling. Failure caused by exter-
nal leak. Poor distribution of second-phase.

v25-02-08 9 88.3 86.2 76.1 Baseline cycling. Small external leaks.
Some incomplete welds on inside.

V25-04-08 20 87.7 85.0 74.6 Baseline cycling. Tested on SNL deliver-
able station.

V25-05-08 12 87.8 86.4 75.8 Baseline cycling. Center weld failure.

V25-06-08 30 90.0 85.7 771 Baseline cycling. Cracked reservoir caused
electrolyte to leak out while cycling.
Appeared to cause battery to fail.

V25-07-08 14 90.1 85.8 77.4 Baseline and no-strip cycling. Center weld
failure.

V25-10-08 24 89.5 86.3 77.3 Baseline cycling. Used as SNL 2-kWh
deliverable battery.

V25-12-08 7 88.1 80.3 70.7 Baseline cycling. Failure caused by
restricted flow in first flow cell.

V25-13-08 23 90.6 86.5 78.3 Baseline cycling. Tested experimental com-
plexing agent. Failure caused by bromine
stain, indicating internal weld failed.

V25-27-08 10 85.7 89.5 76.7 Baseline cycling. Incomplete weld caused
external leak.

V25-30-08 16 86.3 89.1 76.8 Baseline cycling. Used for burst test.

V25-32-08 19 79.7 87.9 70.0 Baseline cycling. Used for burst test.

V25-33-08 127 82.2 86.5 711 Baseline cycling. Used for qualification of
experimental cathode layer.

V25-37-08 9 75.0 86.3 64.8 Baseline cycling. Tested at SNL. Center

weld failure.
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bers not listed sequentially in the table were either not
tested or were 60-cell battery stacks, which are listed in
Table 4-5 under “60-cell, 2500-cm> Battery Stack Qual-
ification.” Test results for individual 8-cell battery
stacks are described in more detail below.

Battery V25-01-08

Battery V25-01-08 was cycled 10 times and demon-
strated inconsistent performance, as seen in Figure 4-19.
The energy efficiencies for this battery ranged from
10.7% to 64.9%. Some of the charge cycles had volt-
ages below the open-circuit voltage of the battery, indi-
cating a probable internal short.

Two leaks were observed in the battery stack. One
was on the top near the center of the stack. The other
was at the bottom left side near the anode terminal elec-
trode. The reason for the leaks appeared to be sink
marks that were later eliminated during the injection-
molding process.

The zinc plating was very smooth; therefore, the
poor performance of this battery indicated poor flow of
the catholyte second-phase across the face of the elec-
trodes. Cross sections of the flow channels showed that
some of the vanes were not completely welded. This
would cause an uneven distribution of the catholyte

across the electrode surface. The flow frames were
modified to eliminate this problem.

Battery V25-02-08

Battery V25-02-08 declined by more than 10% in
energy efficiency after only seven cycles, as seen in Fig-
ure 4-20. Initially the battery performed at 76.1%
energy efficiency, but the efficiencies after nine cycles
were 74.2% coulombic, 84.6% voltaic, and 62.8%
energy. Small leaks were observed from both the bot-
tom and the top of the stack. The leaks appeared to be
coming from between the first frame and the endblock.
Also, by the end of cycling, a small amount of com-
plexed-phase bromine was observed in the anolyte res-
ervorr, indicating a probable internal weld failure.

The battery was torn down at 80% depth of dis-
charge. The terminal anode on the left side of the stack
had very little zinc, indicating that complexed bromine
was getting into this cell. The flow channels, especially
near the manifolds, showed some incomplete welds.
These appeared to be in regions of the flow frame where
the plastic was thin. The welding pracess deforms these
areas slightly, causing incomplete contact of the weld
beads. A solution to this problem was identified, and
new flow frames and endblocks were produced.

Table 4-5. Performance of 60-cell, 2500-cm? Stacks

Battery Number Number of Cycles Peak Energy Efficiency Average Energy Efficiency

V25-08-60 Never Cycled

V25-09-60 4 73.0% 70.0%
V25-11-60 10 77.0% 76.2%
V25-14-60 7 72.0% 71.3%
V25-15-60 12 78.1% 73.8%
V25-16-60 5 76.8% 75.7%
V25-19-60 6 75.2% 73.0%
V25-20-60 4 76.4% 75.3%
V25-21-60 7 741% 73.2%
V25-22-60 6 75.4% 73.1%
V25-23-60 1 75.4% 73.1%
V25-24-60 9 73.0% 71.6%
V25-25-60 5 75.5% 74.0%
V25-34-60 Never Cycled
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Figure 4-19. Baseline Cycle Efficiencies for Battery V25-01-08.
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Figure 4-20. Baseline Cycle Efficiencies for Battery V25-02-08.
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Battery V25-03-08

Battery V25-03-08 had some external leaks when
the battery was water-tested. Because of this, it was
never cycled with electrolyte.

Battery V25-04-08

Battery V25-04-08 gave consistent performance
with about 74.5% energy efficiency over the first 10
cycles, as seen in Figure 4-21. It was then placed on a
2-kWh control station to demonstrate the controller and
station design. The performance of the stack on this sta-
tion was fairly good, about 89.5% coulombic efficiency,
but the voltaic efficiency was low, about 82-83%, which
was attributed to a problem with the cycling unit. This
battery was tested on the station until 20 cycles were
completed. The control station is described in more
detail in Chapter 7 under “2-kWh Control Station.”

Battery V25-05-08

Figure 4-22 illustrates that battery V25-05-08 had
consistent performance until the coulombic efficiency
dropped dramatically during Cycle 11. Teardown of this
battery showed a failure of the center weld between the

endblock and the first flow frame. The failure was
attributed to warpage of the endblock, which caused a
weak weld at the center of the stack. Additional gates
were added to the endblock injection mold, which
reduced warpage and improved the quality of the center
weld.

Battery V25-06-08

Problems with the first 2500-series battery stacks
included poor distribution of complexed-phase bromine
over the face of the electrode and electrolyte crossing
over between flow frames. Battery V25-06-08 was the
first 2500-series battery stack to be manufactured using
flow frames that were modified to eliminate these prob-
lems.

The flow rates needed to obtain optimum perfor-
mance for the 2500-cm’ battery stacks were determined
using this battery. The battery consistently performed at
about 76-77% energy efficiency over the first 26 cycles,
as seen in Figure 4-23. During a set of six consecutive
baseline cycles, the anolyte reservoir cracked, causing
all of the electrolyte to drain from the reservoir. The
battery probably became severely overcharged because
insufficient reactants would have been available to
charge the battery. A cycle was run after replacing the
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Figure 4-21. Baseline Cycle Efficiencies for Battery V25-04-08.
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Figure 4-22. Baseline Cycle Efficiencies for Battery V25-05-08.
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Figure 4-23. Baseline Cycle Efficiencies for Battery V25-06-08.
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reservoir, but complexed-phase bromine was observed
in the anolyte, indicating an internal leak. The battery
was taken off test.

Battery V25-07-08

Several welding problems were encountered during
the manufacture of Battery V25-07-08. Initial results
gave greater than 77% energy efficiency, but the perfor-
mance varied considerably from one cycle to the next, as
seen in Figure 4-24. This battery was used for no-strip
cycle testing, which is described in Chapter 5 under
“No-strip Cycling.*

During Cycle 18, complexed-phase bromine was
observed in the anolyte reservoir, indicating crossflow
between cells. Teardown of this stack showed that the
center weld between the cathode endblock and the first
frame had failed, which is the probable reason for the
inconsistent performance of this battery. Changes
implemented to reduce the warpage of the endblock
appear to have eliminated the problem.

Battery V25-10-08

Battery V25-10-08 completed 20 cycles with very
consistent performance. The last cycle gave efficiencies
of 89.2% coulombic, 85.8% voltaic, and 76.5% energy.
This stack was then tested at SNL on the 2-kWh control
station. Figure 4-25 is a plot of cycle efficiencies for
Battery V25-10-08. The last four cycles are the results
of testing on the 2-kWh control station at SNL. Some
problems were encountered while running this battery
on the 2-kWh control station. It was decided to discon-
tinue testing of this battery and focus on the manufac-
ture and testing of the 100-kWh battery system.

Battery V25-12-08

Battery V25-12-08 was cycled seven times with
inconsistent results, as seen in Figure 4-26. The battery
was torn down at 50% depth of discharge and was found
to have good zinc plating except for the first bipolar
electrode next to the cathode terminal electrode. This
electrode had a large bare area with no zinc and other
areas with a large number of dendrites. This electrode
frame was severely overwelded, which apparently
restricted the flow in the first cell.
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Figure 4-24. Baseline Cycle Efficiencies for Battery V25-07-08.
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Figure 4-25. Baseline Cycle Efficiencies for Battery V25-10-08.

100
Coulombic
Voltaic
Energy
9
>
(43
c
2
2
£
w
30
20
10
o 1 A L Fl i s
0 1 2 3 4 5 6 7 8 9

Cycle Number

Figure 4-26.  Baseline Cycle Efficiencies for Battery V25-12-08.
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Battery V25-13-08

Battery V25-13-08 performed consistently over the
first 20 cycles with energy efficiencies of about 78%, as
seen in Figure 4-27. This battery was taken off test as a
potential deliverable battery when a bromine stain on
the bottom of the battery was observed. Because the
battery was performing well, it was then used to com-
pare bromine complexing agents. Results of the com-
plexing agent testing are given in Chapter 2 under
“Quarternary Complexing Agents.”

Following cycling, the stack was milled apart to
locate the source of the leak. One frame near the center
of the stack had an incomplete weld near the catholyte
manifold that allowed the bromine to escape from the
flow channel to a dead space near the outside of the
stack (at the site of the bromine stain). The problem did
not appear to adversely affect the performance of the
battery.

Battery V25-27-08

Battery V25-27-08 was cycled 10 times before a
small leak was observed on the top of the stack. The

100

battery was performing consistently at about 76.6%
energy efficiency, as seen in Figure 4-28. The battery
had an incomplete weld that was most probably caused
by the taper of the endblocks or the welding parameters.
Following this battery build, more uniform endblocks
were obtained, and burst tests were performed to exam-
ine welding parameters.

Battery V25-30-08

Battery V25-30-08 was manufactured using a new
vibration-welding technique. The battery performed
consistently for 12 cycles before the second-phase valve
was accidentally closed during a set of four consecutive
baseline cycles over the weekend. The performance
declined dramatically because only the aqueous portion
of the catholyte was allowed to circulate during dis-
charge. The second-phase valve was opened, and the
battery was completely stripped before resuming base-
line cycling. The performance on Cycle 16 returned to
the original efficiencies, as seen in Figure 4-29, indicat-
ing that the battery was not permanently damaged by
cycling with the second-phase valve closed. This bat-
tery was taken off test and burst tested to inspect the
integrity of the vibration welds.
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Figure 4-27.

Baseline Cycle Efficiencies for Battery V25-13-08.
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Figure 4-28. Baseline Cycle Efficiencies for Battery V25-27-08.
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Figure 4-29. Baseline Cycle Efficiencies for Battery V25-30-08.
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Battery V25-32-08

Battery V25-32-08 was manufactured using differ-
ent vibration-welding parameters than those used for
Battery V25-30-08. It completed 20 baseline cycles,
with the last baseline cycle achieving 79.7% coulombic
efficiency, 87.9% voltaic efficiency, and 70.0% energy
efficiency, as seen in Figure 4-30. This battery was
manufactured with the same separator material used in
Battery V1-83, which was found to give lower efficien-
cies than the standard separator material. The primary
objective of this testing was to examine the integrity of
the vibration welds using the new manufacturing tech-
nique. Burst tests were performed on both V25-30-08
and V25-32-08 to compare the strength of the welds.
The results of these tests are given in Chapter 7 under
“Battery Stack Manufacturing.”

Battery V25-33-08

Battery V25-33-08 was manufactured to allow
investigation of an alternative adhesive for the cathode
activation layer. The battery stack contained the same
experimental battery separator as that used in
Battery V25-32-08. It performed consistently over the
first 127 baseline cycles, as seen in Figure 4-31, with the

last cycle giving 81.8% coulombic efficiency, 86.0%
voltaic efficiency, and 70.3% energy efficiency. The
performance did decline slightly at Cycle 17 because of
a faulty solenoid valve that caused the heat exchanger to
remain on during the entire cycle. This valve was fixed,
and cycling of the battery was resumed. This battery
was used for no-strip cycling and to examine the cycle
life of the alternative adhesive.

Battery V25-37-08

Battery V25-37-08 was sent to SNL for testing on
the 2-kWh control station. The battery never performed
very well, with a peak energy efficiency of 64.7% during
the first cycle, as seen in Figure 4-32. The coulombic
efficiency declined significantly from the first to the
ninth cycle, and complexed-phase bromine was
observed in the anolyte reservoir during the last several
cycles, which indicated an internal leak.

The battery was returned to ZBB and was cut apart.
It was found that the center weld between the cathode
endblock and the first separator frame had split. The
center weld appeared to be very weak in the middle,
which probably failed first, after which the entire weld
gave way. It was also observed that the first separator
and electrode frames tore at the center bottom right of
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Figure 4-30. Baseline Cycle Efficiencies for Battery V25-32-08.
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Figure 4-31. Baseline Cycle Efficiencies for Battery V25-33-08.
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Figure 4-32. Baseline Cycle Efficiencies for Battery V25-37-08.
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the center weld. These tears appeared to be caused by
the center weld failure. This section is a very thin piece
of plastic that probably got bent when the weld gave out
and eventually caused a split in the frames. The split
would be the reason for the high crossfiow from one cell
to the other. Overall, no damage was done to the separa-
tor or the infrared welds. The failure of this battery
stack appeared to be caused by the incomplete center
weld.

60-cell, 2500-cm? Battery
Stack Qualification

The 60-cell, 2500-series battery stack will be the
building block of large utility battery systems. A
100-kWh deliverable battery contains six of these bat-
tery stacks. Battery stacks were qualified by running 5
to 10 baseline cycles on each stack. The stacks were
then taken off test until the modules for the 100-kWh
deliverable battery were completed. The peak and aver-
age energy efficiencies for each stack are given in
Table 4-5.

Batteries Delivered for
Testing at SNL

SNL518 (8-cell, 1-kWh)

Battery V1-57 was tested at SNL under the designa-
tion SNL518. After performing well for about 260
cycles, the battery’s efficiencies declined and the battery
was returned to JCBGI. The electrolyte was removed
and tested in a minicell; testing indicated that the quality
of the zinc deposit was good. With fresh electrolyte, the
efficiencies of the 8-cell stack improved only slightly.

The average values of the last five cycles at SNL are
compared to those of the five cycles run at JCBGI in
Table 4-6. The plots of the efficiencies versus cycle
number are shown in Figure 4-33.

After a total of 278 cycles, the cell stack was torn
down at 100% state of charge with the assistance of vis-
iting SNL personnel. A normal amount of warping was
found in the bipolar electrodes. On both of the electrode
panels in one cell, a few dendrites had penetrated the
separator. However, there was no indication that the
dendrites had reached the cathode to complete an elec-
trical short. The zinc plating was completely absent
from one corner of the sixth and seventh bipolar elec-
trodes. Corresponding to this corner, the separator was
severely blistered. Based on the battery performance
and the evidence from the teardown, it was concluded
that the cycle life was compromised by high electrode
overvoltage.

SNL526 (50-cell, 15-kWh)

Two 50-cell stacks, VL-19 and VL-20, were deliv-
ered on February 5, 1992, to SNL as a 15-kWh battery.
They were designated SNL526. Before delivery, the
battery was qualified by the performance of 20 baseline
cycies at JCBGI. At SNL, some initial delays were
caused by problems with the cycling equipment and
fume hood. After testing began, the catholyte reservoir
was observed to partially collapse during some cycles.
Originally this reservoir was sealed, while the anolyte
reservoir was open to the atmosphere through a vent.
The problem was overcome by adding a tube from the
top of one reservoir to the top of the other, which
allowed fluid transfer between the reservoirs.

SNL526 compieted 200 cycles with final baseline
efficiencies of 86.6% coulombic, 82.6% voltaic, and
71.5% energy. The transport inefficiency was about

Table 4-6. Final Average Efficiencies of Battery SNL518

Coulombic Voltaic Energy Transport Residual
Efficiency Efficiency Efficiency Inefficiency inefficiency
(%) (%) (%) (%) (%)
At SNL 77.3 74.1 57.3 11.4 9.8
At JCBGI* 83.7 70.5 59.0 7.2 9.1

* with fresh electrolyte
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Figure 4-33. Baseline Cycle Efficiencies for Battery SNL518.

7.4% and the residual inefficiency 6.0%. The testing
regime at SNL for the majority of these cycles was a
repetition of six consecutive no-strip cycles. After three
sets of no-strip cycles, a baseline cycle was performed
for comparison. Cycle efficiencies are shown in
Figure 4-34.

On August 20, 1992, during Cycle 201, Battery
SNL526 was damaged as the result of a brief power out-
age. Because the controller for the pumps had to be
manually reset, the pumps remained off when the power
resumed. The cycler, however, was not interrupted by
the power outage because it had a backup power source.
When the pumps stopped, the battery was three hours
into discharge. The cycler had been programmed to run
a series of full-discharge cycles without strip, and the
cycler continued to apply current to the disabled battery.
The voltage increased during charge, which should have
triggered a high-voltage shutdown. The system was set
to shut down when the battery voltage reached 105V
(2.1 V/cell); unfortunately, the power supply used for
charging was limited to 104V, and then the setpoint
drifted downwards. Therefore, the battery potential
never reached 105V, and the cycler continued despite
the noncirculating condition of the battery. Two cycles

were performed before the testing apparatus was turned
off by SNL personnel.

During each of the cycles, charge current was
applied for 4.5 hours, but the battery was unable to sup-
port any discharge, and the voltage fell rapidly to the
cutoff in each cycle. The episode resulted in elevated
stack temperatures and a small loss of electrolyte from
the system. Because the electrolyte was not circulating,
only the reactants in the battery stack were available
during charge. Consequently, the battery was severely
overcharged, which caused irreversible damage to the
battery stacks.

SNL526 (VL-19/VL-20) was dismantled at 0%
state of charge with the assistance of SNL personnel.
All of the separators in the two stacks were cracked and
brittle. Many of the cells showed the effects of localized
heating, indicated by melting of the screen, separator,
and bipolar electrodes. Several cells had holes through
the electrodes. Many of the bipolar electrodes were
grossly wrinkled or warped due apparently to high tem-
perature. Some separators also had a characteristic den-
drite rash. The conclusion from the teardown is that
excessive heating occurred while cycling took place in
the absence of electrolyte flow, and this was the major
cause of failure.
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Figure 4-34. Baseline and No-strip Cycle Efficiencies for Battery SNL526.
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5. Additional Battery Testing

No-strip Cycling

After a zinc/bromine battery is discharged to
1.0 V/cell, it is usually completely stripped of any resid-
ual zinc by connecting the battery across a resistor. This
is done to ensure that there is a smooth electrode surface
for the deposition of zinc at the beginning of each cycle.
It also simplifies the data collection procedure for the
zinc/bromine battery by making it possible to differenti-
ate between transport and residual inefficiencies.

Although it is recommended, it is not necessary to
strip the battery after every cycle. The time needed to
completely strip the battery may not be available in all
cases, and the capacity remaining in the battery before
stripping can be utilized during the following cycle. For
example, if 5 Ah remain at the end of discharge, then a
loading of 105 Ah (90 mAhem? for an 1170-cm?
battery) on top of this layer would be equivalent to a
total of 110Ah, or a 94-mAh/cm?® loading. Subse-
quently, more capacity can be removed during a no-strip
cycle, giving a higher efficiency than for a standard
90-mAh/cm? baseline cycle.

Battery V1-60 was operated over a number of full-
discharge cycles without stripping. There was an imme-
diate gain of 2.5-3% in energy efficiency when the strip
was omitted, but the advantage decreased as more cycles
were added between strips, as shown in Table 5-1. Even
so, after 26 cycles, the efficiencies were still higher than
baseline.

The results of six consecutive cycles without strip-
ping are compared to baseline cycle efficiencies in
Table 5-2 for Batteries V1-80 and V1-81. The average
efficiencies did not increase as much as for earlier bat-
tery stacks, but the amount of residual losses observed
during baseline cycling for these two battery stacks was
also lower. Earlier battery stacks gave 5 10 6% residual
losses on baseline cycling.

Another interesting characteristic of these two bat-
teries is that the energy efficiencies increased on each
cycle of the no-strip sequence up to the fifth cycle for
V1-81 and the sixth for V1-80. Previous battery stacks
achieved the maximum efficiencies on the second cycle
of the set (the first no-strip cycle); efficiencies then
declined on each successive cycle, as seen in Figure 5-1.
The reason for this can be associated with a redesign of
the flow frame, which improved the distribution of elec-
trolyte across the face of the electrodes.

Results of no-strip cycling performed on three
2500-cm? battery stacks are given in Table 5-3. The
second cycle of the no-strip set experienced an increase
in coulombic efficiency for each battery stack, but the
efficiencies dropped on each successive cycle. The cou-
lombic efficiency for the first cycle without strip was
initially higher because a portion of the zinc normally
lost to stripping was retained in the battery.

The efficiencies for a good-performing battery
stack shouid level off following the second cycle of a

Table 5-1. No-strip Cycle Efficiencies for Battery V1-60

Coulombic Voltaic Energy Transport Residual
Number of Efficiency Efficiency Efficiency Inefficiency Inefficiency
No-strip Cycles (%) (%) (%) (%) (%)
None-Baseline (11-14) 90.1 85.9 77.4 59 4.0
6 cycles (15-21) 93.2 85.6 79.8 5.1 1.7
8 cycles (78-86) 924 85.7 79.2 5.6 2.0
11 cycles (43-54) 92.1 85.5 78.7 58 2.2
16 cycles (57-73) 91.8 85.8 78.8 6.1 21
26 cycles (88—-114) 91.4 852 779 7.3 1.3

5-1
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Table 5-2. Average of Six No-strip Cycles Compared to Baseline Cycle Results

Coulombic Voltaic Energy Transport Residual
Battery Cycling Efficiency Efficiency Efficiency Inefficiency Inefficiency
Number Regime (%) (%) (%) (%) (%)
V1-80 Baseline 90.7 86.5 78.5 6.1 3.2
V1i-80 No-strip 91.9 86.8 79.8 6.4 1.7
V1i-81 Baseline 90.3 84.8 76.6 5.8 3.9
V1-81 No-strip 91.6 85.3 78.6 6.6 1.8
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Figure 5-1.  Energy Efficiency over a Set of Six Consecutive Cycles without Stripping.

no-strip sequence. The progressive decrease in effi-
ciency indicates poor flow distribution, which results
from an accumulation of zinc on the anodes, most likely
in zones of lower activity. From observations made in
earlier teardowns, these zones are located in the corners,
away from the flow entry points and along the center rib.
Warps in the electrode material can also create low-
activity zones where the electrolyte gap is very thin.

The coulombic efficiency for Battery V25-07-08
declined much more rapidly than the coulombic effi-
ciency for the other two battery stacks. Similar results
were observed for early V-design 1170-cm? battery
stacks, apparently because of poor electrolyte flow dis-
tribution. Teardown of this battery stack uncovered a
center weld failure in one of the cells, which could have
caused nonuniform flow of electrolyte over the face of
the electrode in that cell.
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5. ADDITIONAL BATTERY TESTING
Overvoltage and Internal Resistance (IR) Testing

Table 5-3. Performance of Battery V25-07-08
During Consecutive Cycles Without Stripping

Coulombic Voltaic Energy

Battery Cycle Efficiency Efficiency Efficiency
Number Number (%) (%) (%)
V25-07-08 6 85.4 84.5 721
7 88.0 84.3 74.2
8 83.2 84.8 70.6
9 81.6 85.3 69.6
V25-32-08 21 75.5 88.3 66.7
22 83.2 88.3 735
23 82.1 88.1 72.4
24 82.4 87.6 721
V25-33-08 34 81.8 86.4 70.7
35 83.7 86.8 72.6
36 83.2 86.9 72.3
37 82.7 87.0 71.9
38 82.3 87.0 71.6
39 82.1 87.0 71.4

Overvoltage and Internal
Resistance (IR) Testing

Most of the 8-cell batteries tested during Phase 2 of
the contract were monitored for overvoltage (also
known as polarization) and internal resistance (IR) loss
on a regular basis during the course of testing. A cur-
rent-interrupt method, which allows a measurement of
the IR-free overvoltage as well as the IR loss during dis-
charge, was performed approximately every 50 cycles
on several batteries to examine degradation. Also, on a
more frequent schedule, rough measurements of the
electrode overvoltage were made using only the AC
resistance. After running tests on several batteries, 1t
was determined that the two methods gave approxi-
mately the same results. After that, only the AC resis-
tance test was performed because it was simpler to run.

Figures 5-2 and 5-3 show the overvoltage and IR
drop for Battery V1-74 measured with the current-inter-
rupt test procedure. Figure 5-2 shows a significant
increase in overvoltage between Cycles 184 and 241,
which suggests cathode-layer degradation. Figure 5-3
indicates that the resistance of the battery also gradually

increased during the life of this battery. Figure 4-7,
which demonstrates results determined using AC resis-
tance and baseline current density (21 mA/cmz), also
shows that V1-74's overvoltage began to increase signif-
icantly after around 200 cycles. The normal value for
the overvoltage is about 10 mV/cell for an 8-cell battery.

Overvoltage and IR losses measured by the AC
resistance method are compared for several 8-cell,
1170—m? battery stacks in Figures 5-4 and 5-5, respec-
tively. Figure 5-4 shows that the overvoltage for earlier
batteries (V1-54 and V1-76) began to increase rapidly at
about 250 cycles, but not for the last battery builds. Bat-
tery V1-80 gave the lowest overvoltage over the first 900
cycles because of the development of a large-surface-
area cathode activation layer and the development of an
electrode reconditioning process.

Figure 5-5 shows that later battery builds are also
much lower in resistance than earlier battery stacks (for
example, V1-54). This Jower resistance results from the
development of a low-resistance carbon plastic electrode
material. Batteries V1-76 and V1-80 gave very low IR
losses as a result of the development of low-resistance
terminal electrodes.
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The overvoltage and IR losses of an 1170-cm> bat-
tery stack were also measured during a standard dis-
charge cycle. The rapid decline in voltage near the end
of discharge (the “knee” in the voltage profile) is associ-
ated with an increase in battery overvoltage (see
Figure 5-6). The IR losses appear to increase nearly lin-
early during discharge, but the overvoltage increases
more rapidly near the end of discharge. The increase in
overvoltage was most probably caused by a reduction in
the amount of bromine available for reaction and the
nonuniform dissolution of zinc from the anode.

High-rate Discharge

The results of discharging a 60-cell, 2500-cm? bat-
tery stack at different rates are given in Table 5-4. Volt-
age profiles for the various discharge rates are shown in
Figure 5-7. A standard charge cycle of S0A for
4.5 hours was used for each test. This demonstrates that
a battery stack is capable of producing 19 kWh of
energy for discharges lasting three hours or more. For
discharges of less than three hours, the energy output
decreases significantly. The results at the higher-rate
discharges are probably low because the amount of
complexed second-phase delivered to the battery stack

during discharge was limited by the station design.
Results might have been better if the amount of com-
piexed bromine circulated during discharge could have
been increased. Table 5-4 also shows that it was much
more difficult to control the temperature while the bat-
tery was discharged at the higher rates. All cycles began
charging at a temperature of about 25°C.

Electrode Reconditioning

In the past, failure of zinc/bromine batteries has
usually been assoctated with a very rapid increase in
overvoltage as the number of cycles increases, which
causes efficiencies to drop very quickly near the end of
cycle life. This trend can be seen in Figure 4-5 for bat-
tery V1-72. Tests have indicated that the high overvoit-
age of a poorly performing battery can be at least par-
tially reversed. An electrode reconditioning technique
was used to significantly lower overvoltage and to
improve efficiencies of three 8-cell batteries, as seen in
Table 5-5.

ZBB’s electrode reconditioning process was pat-
ented in 1997 (U.S. Patent No. 5,650,239). The basic
concept is that by lowering the pH of the electroiyte and
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Table 5-4. Effect of Discharge Rate on Performance
for a 60-cell, 2500-cm? Battery Stack

Discharge Discharge Maximum Energy

Current Time Temperature Output
(A) (Hours) (°C) (kWh)
355 5.61 30.6 19.83
42.8 4.67 31.6 19.71
53.3 3.75 33.2 19.43
71.2 2.82 35.0 19.15
104.9 1.87 39.5 17.86
209.9 0.83 50.9 13.54
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then reversing the direction of normal cycling current
through the battery, the electrochemical activity of a
poorly performing electrode can be significantly
improved. The effects of the reconditioning can also be
seen in the baseline cycle efficiency plots for Batteries
V1-72,V1-76, and V1-77 given in Figures 4-5, 4-9, and
4-10, respectively.

This reconditioning procedure was also performed
on Batteries V1-79 and V1-80 about every 50 cycles
after the first 250 cycles. It was performed before the
battery performance declined by 10% from the peak
energy efficiency. Figures 4-12 and 4-13 show that per-
forming this reconditioning procedure regularly
increases battery life significantly. It may be important
to use this type of procedure as a standard operating pro-
cedure for zinc/bromine batteries. More work will need
to be done to optimize the reconditioning process.

Effect of Orientation on
Battery Performance

The results of tests of vertical versus horizontal
stack orientation using Battery VL-15 (50-cell, 1170-
cm?) indicated no advantage for either orientation. No
significant difference was observed for baseline cycles
or for multiple cycles without stripping, as shown in
Table 5-6. The flow was reversed periodically while the
cell stack was in each orientation.

No stand tests were run on this battery, but later
tests indicated that the stand loss was higher if the bat-
tery was in the horizontal orientation rather than in the
vertical orientation.

Table 5-5. Baseline Cycle Efficiencies Before and After Electrode Reconditioning

Coulombic Voltaic Energy

Battery Cycle Efficiency (%) Efficiency (%) Efficiency (%)
V1-72 Before 82.6% 78.1% 64.5%
Vi-72 After 85.4% 80.4% 68.7%
V1-76 Before 79.3% 71.8% 57.0%
V1-76 After 84.9% 78.0% 66.2%

Horizontal Orientation for Battery VL-15

Table 5-6. Cycle Efficiencies for Vertical and

Coulombic Voltaic Energy Transport Residual
Efficiency Efficiency  Efficiency Inefficiency Inefficiency
Cycles Orientation (%) (%) (%) (%) (%)
Baseline Vertical 86.2 84.1 725 6.4 7.4
Six No-strip Vertical 90.6 84.9 770 . 7.4 2.0
Baseline Horizontal 86.3 84.1 72.5 7.9 5.7
Six No-Strip Horizontal 90.8 84.9 771 7.6 1.6
Six No-Strip Horizontal 90.7 84.8 76.8 8.0 1.3
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5. ADDITIONAL BATTERY TESTING

Simplified Frequency Regulation/Spinning Reserve (SFRSR) Testing

Simplified Frequency Regulation/
Spinning Reserve (SFRSR)
Testing

In addition to standard load-leveling duty, an elec-
tric utility battery should also be able to fill other needs.
The simplified frequency regulation/spinning reserve
(SFRSR) discharge test is a simulation of a stationary
energy storage application for an electric utility, mod-
eled from the Puerto Rico Electric Power Authority bat-
tery energy storage syslem.l The frequency regulation
part of the SFRSR test requires a series of constant-
power discharge steps set at three different power levels.
When the battery’s state of charge falls to 76%, the dis-
charge is stopped, the battery is given a full recharge,
and then the discharge is started again. The basic test
lasts for 160 minutes and is to be repeated 54 times or
until 6.5 days have elapsed. A rapid spinning-reserve
discharge is then performed.

A cycling unit from SNL was used for the testing.
A Simplified Federal Urban Driving Schedule program
was modified to apply frequency regulation steps in
place of the existing steps. Each frequency regulation
set contains a total of 32 five-minute steps. The fre-
quency regulation test requires the three power levels
listed in Table 5-7, which were calculated for an 8-cell
zinc/bromine battery stack with load-leveling electro-
lyte. An example of an SFRSR voltage profile is shown
in Figure 5-8.

The frequency regulation test was modified to
include a periodic recharge as in the SFRSR. After esti-
mating that the 76% state of charge would be reached
after approximately three sets of steps, the controlling
program was changed to add 20 Ah of constant-current
charge at that point. The valve controlling the addition
of complexed bromine was set to automatically open on
discharge and to close on charge.

Several frequency regulation tests were attempted
using Batteries V1-50 and V1-64. Initially, each charge
was twice as long as it should have been, because of an
error in the controlling program. This error caused Bat-
tery V1-64 to be significantly overcharged, which was
indicated by an increase in voltage after each charge
portion of the cycle.

Two tests were performed on a fully charged bat-
tery, Battery V1-64, until it was fully discharged. Each
test lasted about 30 hours. The results, listed in
Table 5-8, showed that the average efficiency was nearly
the same as that in baseline constant current cycles run
before and after the frequency regulation tests. The cou-
lombic efficiency was slightly lower and the voltaic effi-
ciency was higher than for the baseline cycles. Both of
these effects were probably the result of a freshly depos-
ited layer of bromine, generated during the previous
step, on the bromine electrode surface as the battery was
discharged.

Battery V1-50 was cycled several times using the
frequency regulation steps, but each cycle terminated at
about 45 to 50 hours (full test = 156 hours) because of a
problem with the cycling unit. The efficiencies of two
SFRSR cycles (see Table 5-9) are similar to the efficien-
cies of baseline cycles. Baseline Cycles 53 and 54 may
be low in efficiency because the cycler had trouble
maintaining a set current and had to be stopped and
restarted several times.

These initial trials revealed a concern that required
changes to the SFRSR test. The high-power recharge
pulse of C/1.5 for five minutes was too high for the bat-
tery as it was configured. The battery voltage would
often increase above 2.1 V/cell, causing the test to stop.
The C/1.5 discharge step was not a problem for the bat-
tery. Therefore, in these tests, the recharge step was
changed to C/2 for eight minutes to give the same num-
ber of amp-hours, but at a slightly lower voltage. Other
strategies for lowering the voltage on charge could be
investigated in the future. Such strategies include using

Table 5-7. Constant-power Discharge Tests

Rate ZnBr, Battery (W/kg) 8-cell Battery (W)
CNn.5 43 632.1
C/2.5 27 396.9
Cr7.5 9 132.3
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Table 5-8. Frequency Regulation Discharge for Battery V1-64

Coulombic Voltaic Energy
Efficiency (%) Efficiency (%) Efficiency (%)
FR-Cycle 47 82.2 84.9 69.7
FR-Cycle 49 79.2 84.0 67.9
Average Baseline” 84.0 824 69.2

* Average of four cycles

e -~~~ -~ "

a conductivity additive in the electrolyte, momentarily
increasing the circulation rate, or designing the battery
for higher power by decreasing the internal resistance.

Low-temperature Study

In earlier studies, electrolytes based on 3.0 M
ZnBr; and 0.5 M of a quaternary salt (either N-methyl,
N-ethylpyrrolidinium bromide [MEP] or N-methyl,

N-ethylmorpholinium bromide [MEM]) were evaluated
for low-temperature service. Adding 2 to 3 M calcium
chloride (CaCl,) extended the freezing point well below
0°C. Low-temperature studies during this contract were
directed toward collecting information in two areas.
First, it was important to determine how much the bat-
tery temperature could be reduced and still allow the
battery to start a cycle. Once in action, a battery will
generate enough heat to raise its own temperature signif-
icantly. Second, it was necessary to measure how low-
temperature operation affects the battery performance.

5-10
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5. ADDITIONAL BATTERY TESTING
Electrolyte Utilization Study

Table 5-9. V1-50 Frequency Regulation Efficiencies

Coulombic Voltaic Energy Transport Residual
Cycle Efficiency Efficiency Efficiency Inefficiency Inefficiency
No. Cycle Type (%) (%) (%) (%) (%)
47 Baseline 87.1 80.8 70.4 8.9 6.1
51 SFRSR 77.0 84.2 64.8 17.9 5.1
52 SFRSR 78.6 83.6 65.7 14.8 6.6
53 Baseline 82.2 76.4 62.8 9.2 8.6
54 Baseline 76.0 79.3 60.3 16.1 7.9

Battery V1-50 was cycled in a cold chamber with
load-leveling electrolyte containing 2.0 M CaCl,. How-
ever, the AC pump motors supplied so much heat that
the cold chamber was unable to cool the battery while it
cycled. After allowing the battery to sit in the chamber
overnight with the circulating pumps turned off, the bat-
tery temperature was reduced to —5°C. Some solids
were seen in the electrolyte when the circulation was
restarted. The temperature had risen to 10°C by the time
the pumps were running smoothly enough to start the
charge cycle. After an hour of charge, the voltage unex-
pectedly reached the high-voltage cutoff, and the cycle
was terminated. Following this, no further work was
done on low-temperature cycling.

Electrolyte Utilization Study

Battery V1-62 was used to study the effect of
increased zinc utilization on efficiency. By increasing

the zinc utilization, the amount of electrolyte needed
could be reduced and the battery weight lowered. The
zinc utilization for a baseline cycle is 65.5%. The
results in Table 5-10 indicate that there was only a slight
decline in efficiency as the zinc utilization was
increased. The effect of increased utilization on life
expectancy of the battery was not investigated.

Stand Heating Study

When a charged zinc/bromine battery is allowed to
stand, the bromine in the cell stack will slowly diffuse to
the zinc electrode and chemically react with the electro-
plated zinc. The process has two effects. First, the bat-
tery is partially discharged, and second, the cell stack
temperature increases from the chemical reaction and
the lack of cooling. The electrolyte circulation is often
turned off to limit the amount of bromine in the cell
stack.

Table 5-10. Zinc Utilization Study for Battery V1-62

Zinc Coulombic Voltaic Energy Transport Residual
Utilization Efficiency Efficiency Efficiency Inefficiency  Inefficiency
(%) (%) (%) - (%) (%) (%)
65.5 89.7 85.3 76.5 5.6 46
80.0 89.1 85.4 76.1 6.5 45
90.0 88.1 84.4 74.4 7.3 46

5-11
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The effect of stand on capacity loss was measured
previously by calculating the decrease in efficiencies for
8-cell stacks (see SAND99-1853). However, in cell
stacks with only a few cells, the temperature increase
will be less than in full-size stacks. Therefore, further
tests were done with a 50-cell stack where the tempera-
ture increase caused by a stand could be measured.

A 50-cell stack was charged and put into stand sev-
eral times. After each stand, the electrolyte leaving the
battery stack increased for a short time when the pumps
were restarted. Two tests showed temperature pulses of
9.5°C and 3.7°C, indicating that the stack was in fact
warming during the stand period. The temperature of
the electrolyte was probably somewhat less than the
temperature of the interior of the battery. Also, the mea-
surement was complicated by the presence of a gas bub-
ble at the connections.

Durning the tests, the average transport loss was cal-
culated in terms of a pseudo-current. The transport cur-
rent during stand was about 0.05 A, while during a base-
line cycle it was 0.084 A. This value was lower than
during a normal baseline cycle because the quantity of
bromine is slowly being depleted while the battery 1s
standing.

Gas Generation at the Anode

Because hydrogen (H,) gas accumulation has
sometimes been observed in the sealed anolyte flow
lines of test batteries, a beaker-scale test was performed
to quantify the normal H, gassing rates on zinc elec-
trodes. The beaker-scale tests were conducted using
zinc/zinc metal electrode pairs in 0% state-of-charge (no
Br,) load-leveling electrolyte at pH 3.7. All gassing rate
volumes were measured at atmospheric pressure.

The open-circuit H, gassing rate on fresh zinc metal
electrodes was 3.2x 107 mlhr-cm®. For a 50-cell
battery stack with a 1175-cm? electrode area, this
translates into a gassing rate of 189 ml/hr. A current
density of 20 mA/cm? was imposed across a pair of
zinc electrodes, resulting in a gassing rate of
5.5x 102 mVhr-cm®.  For a full-size, 50-cell battery
stack, this rate would correspond to a fairly significant
gas generation rate of 3200 mlhr. The most likely
source of this enhanced H, gassing is the slightly ineffi-
cient zinc electrodeposition current, which also caused a
parasitic reduction reaction of water to hydrogen on the
electrode. However, visual inspection seemed to indi-
cate that some of the H, gassing was also occurring at

the discharging zinc electrode. This was perhaps a
chemical reaction between freshly exposed high-sur-
face-area zinc and water.

Factors that would be expected to increase gassing
rates in batteries include areas of bare, exposed carbon
plastic on zinc electrodes; electrolyte impurities; shunt-
current-induced gassing; and increased temperatures
(beaker-scale tests were conducted at room tempera-
ture). The gassing rates measured in the beaker-scale
tests indicate that the zinc electrode is capable of pro-
ducing a large amount of H, gas. This implies that
water should have to be periodically added to the elec-
trolyte. Each liter of hydrogen gas would require the
electrochemical reduction of 1.6 ml of water. However,
this was not usually required. Therefore, the unexpect-
edly high gassing rate results from beaker-scale testing
will need to be examined using other tests.

Nonflow Zinc/Bromine Battery

A 16-run experiment designed to investigate the
important parameters for nonflowing zinc/bromine bat-
teries was completed. The factors studied included qua-
ternary salt (quat) type, cathode layer thickness, charge
rate, discharge rate, and zinc loading. Results indicated
that none of the factors had a significant effect on the
energy efficiency of the battery; however, some of these
factors influenced hydrogen gas evolution. Using the
factors that minimize hydrogen formation, the cell
should perform at 80% energy efficiency and would be
expected to give off 1.8 ml of hydrogen during a cycle.

The self-discharge of a single-cell, nonflow battery
was examined by allowing a fully charged battery to
stand for various lengths of time before discharging. A
thermocouple was introduced into the anolyte gap to
determine the amount of heat generated during stand.
Results of the stand tests are given in Table 5-11. The
battery temperature increased by less than 1°C during
each of the stand loss tests.

Two other cell designs did not perform as well as
the original. The first design, which incorporated an
ion-exchange resin into the catholyte gap, gave about
the same amount of transport as the original set of tests,
but the residual losses were much higher (43.6%). An
ion-exchange membrane used in place of the standard
separator gave very high transport loss, 72.2% for the
24-hour stand. It is believed that the ion-exchange
membrane was too thin to provide low self-discharge in
a battery.
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Table 5-11. Energy Efficiencies for Single-cell
Nonflow Battery During Stand-Loss Cycling

Stand Coulombic Voltaic Energy Transport Residual
Time Efficiency Efficiency Efficiency Inefficiency  Inefficiency
(Hours) (%) (%) (%) (%) (%)
0 88.0 90.0 79.2 10.3 1.7
24 56.4 84.1 47.4 385 5.1
61.3 216 78.4 16.9 70.7 7.8

L —
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6. 2500-cm? Battery Design

Cell Stack Design

Using a computer-aided engineering design system,
a new endblock for a 2500-cm? battery stack, to be
made completely out of plastic, was designed. This
design eliminates the need for aluminum inserts to
maintain the dimensional stability of the battery stack.
The goal was to minimize the thickness and weight of
the parts while maintaining an acceptable level of stress
and deflection under load. The drawings were changed
1o reflect the optimum design, and the injection molds
were made.

Heating/Cooling Requirements

The cooling requirements of a zinc/bromine battery
depend primarily on the efficiency of the battery in a
particular application. This is because all of the heat
generated in the battery comes directly from energy
losses associated with running the battery. In this sec-
tion, a background discussion of the thermodynamic
efficiency will show that the practical limit of the bat-
tery’s energy efficiency is about 82%. This will be fol-
lowed by some observations of the cooling function of a
large battery used in laboratory testing.

Thermodynamic Efficiency

Heat in the battery occurs through processes such as
ohmic heating, electrode overvoltage, and Peltier heat.
The first two effects are well known, while the third is
much less familiar. Peltier heat is derived from the
nature of the electrochemistry and can set a limit to the
overall battery efficiency. The energy needed to drive
(or given off by) a chemical reaction is the enthalpy
(AH). Of this energy, only the free energy (AG) is avail-
able for electrochemical use. The remainder of the
energy is tied to the entropy of the system (AS). In the
following relationship, the enthalpy is related to free
energy by the entropy.

AH = AG - TAS

The term TAS is called “electrochemical Peltier
heat.” It is defined as the energy needed to maintain a
constant temperature for an electrochemical reaction.
The actual energy-loss mechanism results from a combi-
nation of solvation energies, electrolyte mixing, and

injection of electrons into the conduction bands of the
electrode. The theoretical maximum energy efficiency
is limited by the size of TAS, and is determined by the
ratio AG/AH. For zinc/bromine, the maximum energy
efficiency is 91 %.3

Independent measurement of the electrochemical
Peltier heats for each electrode has been reported.* In a
further test, the efficiency of the electrode reactions
under free discharge at steady state was measured. In
this test, the electrodes were essentially shorted, except
for the resistance of the ammeter in the connecting lead.
The measured energy efficiency was 82%. This mea-
surement included all three of the energy-loss terms
mentioned previously, but did not include any losses
caused by practical battery operation, such as shunt cur-
rents or separator resistance. Consequently, the 82%
energy efficiency represents a reasonable ultimate goal
to strive for in the laboratory.

It is well known that some batteries, such as the
nickel/hydrogen battery, cool slightly when charging,
and that the lead/acid battery does not get as hot as it
could when discharging. These effects are the result of
the electrochemical equivalent to heats of reaction (that
is, when some salts are dissolved, the solution heats; and
when other salts are used, the solution cools). The effect
occurs for the zinc/bromine battery as well, and a first-
order calculation of the heating and cooling has been
done.

The electrochemical heat can be found by first look-
ing at the thermoneutral potential,

E, = -AH/nF,

where n equals the moles of electrons and F is Faraday's
constant. If the thermoneutral potential is below the
reversible voltage, E; = ~AG/nF, the battery will cool on
discharge. If E, is above the reversible voltage, the bat-
tery will cool on charge. The values of E, and E; for the
zinc/bromine battery are 2.019V and 1.818V, respec-
tively. The amount of heating or cooling is found by
comparing the difference between the operating voltage
and E,. If they are equal at some point, there will be no
electrochemical heating or cooling. Other factors are
also important. The ohmic resistance, overvoltage
losses, and self-discharge reaction always generate heat
in the cell. The reaction of bromine with quaternary
ions generates heat reversibly. When bromine is
removed from the complex, the electrolyte is cooled.
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A spreadsheet calculation shows that the heating
and cooling processes offset each other to an extent, but
more heating occurs on discharge than on charge. The
electrochemical cooling process on charge is countered
by the formation of the bromine complex. A reverse
matching happens on discharge. The results of the
spreadsheet calculations for a 25-A constant-current
cycle are shown in Table 6-1, with the heat values given
in watts (W). For comparison, the electrical power sup-
plied to or received from the cell is also included.

The energy lost from the battery should be
approximately equal to the heat generated. In a hypo-
thetical 4-hour charge/3.5-hour discharge cycle, 100 Ah
and 191.2 Wh will be put into each cell of the battery,
and 87.5 Ah and 150.9 Wh will be taken out. These val-
ues are equivalent to 87.5% coulombic efficiency and
78.9% energy efficiency, which is a reasonable represen-
tation of actual laboratory data. The heat will be
18.64 Wh evolved during charge, and 30.63 Wh evolved
during discharge. Finally, 40.31 Wh of electrical energy
would be lost during the cycle, and 49.26 Wh of heat
would be generated. Ideally, these two numbers should
be equal, but considering all of the approximations
made in this first order calculation, an 18% overestima-
tion of the heat generated is quite reasonable.

The calculation shows that one-third of the total
heat can be expected during charge, and two-thirds will
come out during discharge. Therefore, the cooling sys-
tem should be large enough to handle the higher rate of
heating expected during discharge. The example above
did not include heating from parasitic losses such as the
pumps and shunt currents, which would need to be

included to calculate the total battery cooling require-
ment.

Practical Cooling Requirements

In a test using a 30-kWh V-design (1170-cm?) bat-
tery, a cooling ability of about 2 kW was sufficient to
keep the temperature from rising during a baseline
charge/discharge cycle. Data were taken from tests of a
200-cell battery made of four 50-cell stacks. All four
cell stacks were connected to a single set of anolyte and
catholyte reservoirs. The anolyte reservoir was cooled
by water circulating through a plastic tubing heat
exchanger. The cooling water was switched on when-
ever the anolyte temperature went above a preset tem-
perature. In the three cycles tested, the temperature did
not rise during the charge but did rise during two of the
discharges.

The heat generated in the battery can be divided
between the charge and discharge periods. It is esti-
mated from previous calculations that about one-third of
the heating occurs during charge. The heat capacity
(Cp) of the battery is assumed to be about 0.9 Wh/kg°C
(the Cp of water is 1.164 Wh/kg®C). The results listed in
Table 6-2 show the calculation of the total heat during
each cycle, how it was allocated to the charge and dis-
charge portions of the cycle, and how some was taken
up by the battery temperature increase. The final heat-
ing rates shown in Table 6-2 are also the effective rates
of the water cooling system. No temperature increases
were observed during charge. It is clear that up to a
heating rate of 2.2 kW, the cooling system was adequate
to hold the temperature constant. However, when the

mmeese oottt e——P— P ———————————————————————
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Table 6-1. Calculated Heat* and Electrical Power
in a Single Cell for a Constant-current Cycle at 25 A

Charge @ -25 A Discharge @ 25 A
Electrochemical, W -2.69 737
Self-Discharge, W 2.02 2.02
Complex Formation, W 2.98 -2.98
Ohmic, W 2.34 2.34
Total Heat, W 4.66 8.75
Electric Power, W 47.79 43.10

* Negative sign indicates heat absorbed by the battery.
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Environmental Impact

Table 6-2. Battery Cooling Requirements

Cycle 3 Cycle 4 Cycle 5

Energy Charged, kWh 40.9 59.8 409
Efficiency, % 70.8 54.0 50.2
Temperature Increase

During Discharge, °C 0] 275 21.7
Total Heat Generated, kWh 12.0 275 20.4
Heat Removed in Charge, kWh 3.6 8.3 6.1
Heat Removed in Discharge, kWh 8.4 7.0 4.6
Heat for Battery Warming, kWh 0 12.2 8.7
Heating Rate in Charge, kW 0.8 1.3 1.4
Heating Rate in Discharge, kW 22 45 6.9

cooling demand was increased to 4.5 kW and higher, the
battery temperature increased. Therefore, the cooling
system as it was installed and operated had sufficient
capacity to cool 2.2 kW but not 4.5 kW or higher dis-
charges. The second two cycles were discharged at
higher-than-baseline current, which explains the higher
heating rates.

Environmental Impact

The literature was investigated to predict the envi-
ronmental impact of zinc/bromine batteries. Some ini-
tial results are given here. The environmental effects
could occur as the result of an accident while batteries
or electrolyte were being transported or as the result of a
serious mishap at an electric utility station. The imme-
diate cause of an incident would be an uncontained spill
of electrolyte. The electrolyte consists of an aqueous
solution of zinc bromide, zinc chloride, bromine, and a
quaternary arnmonium ion compound, such as MEP or
MEM.

Zinc Bromide and Zinc Chloride

Zinc bromide is a relatively benign salt with a rela-
tively low toxicity. Zinc chloride is similar with respect
to safety and environmental hazards. The U.S. Depart-
ment of Transportation hazard notification level for zinc
bromide spills is 1000 pounds.5 Once spilled, zinc bro-

mide remains highly soluble in water and will be readily
diluted and rinsed away. Therefore, it would not be
expected to remain at the spill site, but would be washed
away with rainwater and normal hydrological condi-
tions.

The biological effect of zinc bromide is primarily
due to the zinc ions. At high levels, it is toxic to inverte-
brates and fish. The U.S. Environmental Protection
Agency acute criteria (maximum) in soft water is
0.18 mg/l, and the chronic criteria (30-day average) is
0.047 mgfl. Typically, the toxic effects are decreased
with increasing water hardness. In a test of the effect on
fucoid algae, a 50% reduction in growth rate was
observed at zinc levels of 5 to 10 mg/l. Zinc is already
present in the runoff water from many highways; levels
of from 0.16 to 22 mg/l have been measured. Because it
is rapidly diluted and carried away, it has not been a
serious problem in the national watershed.®

Bromine

Bromine is a liquid at room temperature and pres-
sure. It is widely used to sanitize swimming pools and
spas. In the zinc/bromine battery, it is nearly completely
in the form of a chemical complex formed with the qua-
ternary amine complexing agents. The range of bro-
mine dispersal is limited by the uptake of bromine.
Even though the reactivity of the bromine is reduced by
the complexing action, the bromine would be expected
to oxidize most organic materials that it contacts. This
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oxidation forms an innocuous bromide salt. Bromine
also is readily absorbed into water, reacting to form sol-
uble bromine as well as hypobromic acid and hydrobro-
mic acid. Both are reactive, although less so than bro-
mine.

Quaternary Ammonium lon Salts

The environmental impact of the quaternary ammo-
nium ion saits has not been directly determined. How-
ever, it Is expected to be quite low. Similar compounds
are used as sequestering agents in sewage treatment, and
other dernvatives are used in topically applied sun-
blocks.”
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7. Battery System Design and Manufacture

Battery Stack Manufacturing

The 2500-cm? flow-frame injection mold die set
was completed, and a number of flow frames, end-
blocks, and endblock covers were produced. Test stacks
with six flow frames welded between two endblocks
were manufactured from these parts. The weld integrity
of the battery stacks was investigated by subjecting them
to internal air pressure increasing at I-psi increments
each minute until the stack burst. The first two samples
failed at 6 psi. In both cases, the center weld bead at the
juncture between the first flow frame and the endblock
was insufficiently welded.

Additional vents were then added to the injection
mold die to allow the flow frame to be filled more
evenly. A change in the gate arrangement was also
made that was found to significantly reduce wrinkling at
both ends of the center weld bead.

The next set of testing was done on two 8-cell,
2500-cm? battery stacks. One stack was prepared with
the standard flow frames, while the other stack was
manufactured using flow frames that were highly
packed during the injection molding process. Each of
these stacks burst at about 17 psi. The failure in each
case was between the first flow frame and the endblock.
It was believed that these failures were caused by a
slight taper in the endblock.

The edges of the endblocks at the welded face are
tapered, causing welding to occur only at the extreme
outer edges before the remaining weld beads make con-
tact. To compensate for this, the first flow frame welded
to the endblock, and the final weld need to be welded
down farther than normal. It is hoped that the taper
associated with the endblocks can be minimized in the
injection-molding process; however, it appears that
vibration welding can still be accomplished with careful
attention to the process.

Another set of burst tests was performed on stacks
in which the first frames connected to the endblocks
were overwelded. This was done to compensate for the
endblock tapering. These stacks failed at about 20 to
22 psi, and the failures were along the side edge of the
stack as opposed to the top. This burst pressure (20 to
22 psi) is what should be achieved if endblock parts
without any taper can be produced.

Following initial burst testing of the battery stacks,
the endblock mold was modified from a hot-manifold
type to a three-plate mold. The purpose of this change
was to eliminate the remaining variation in thickness at
the edges of the part. Also, a new blowing agent was
used in quantities of 0.25% to 0.75% to produce a finer
pore structure. The next set of endblocks received from
the vendor was markedly improved in appearance. The
flared edges on the perimeter of the endblocks (both
detailed and nondetailed endblocks) were reduced, but
remained to a small extent.

The battery stacks built with the improved end-
blocks held up to 25 psi before bursting, and the failure
was attributed to tooling misalignment in the center of
the battery. Despite this misalignment, the burst pres-
sure was within the range required for actual battery
operation. These batteries burst at approximately the
same pressure as the batteries made when the endblocks
were welded very deeply. The fracture point was no
longer at the weld between the endblocks and the first or
last flow frame; it was between flow frames. The 25-psi
burst pressure may be the limit for this type of battery
stack. Under normal operating conditions, the battery
stack observes a pressure of 7 to 8 psi, so a safety factor
of about 3 is built into the battery stacks.

Several problems were discovered after the post-
mortem analysis of the first 2500-series battery stacks.
Additional seals needed to be added to the diverters and
vanes, and the heights of existing seals were increased
1o improve the distribution of second-phase. The leak-
age problem was minimized by reducing sink marks
during the injection molding process. Poor-quality
welds in the area where weld beads cross a flow channel
on the adjacent frame were improved by adding addi-
tional weld beads in this area.

Scaling up from 8-cell stacks to 60-cell stacks
uncovered an additional problem with slippage of the
endblock in the vibration-welding machine. The end-
block tooling for the welder was modified to minimize
the slippage during the manufacture of 60-cell stacks.
Also, minor problems with the vibration welder sur-
faced during development, but modifications were made
to eliminate the errors and to improve the consistency of
the process.
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2-kWh Control Station

A 2-kWh control station was designed as a proto-
type for controlling the 33-kWh modules to be used in
the 100-kWh deliverable. The battery stack contained
eight cells with an electrode area of 2500 cm>. Directly
coupled pumps/motors were tested, but displayed seal
failure resulting in corrosion of the motor. Magnetically
coupled pumps were installed to eliminate this failure.
The 2-kWh station pumps and reservoirs were equipped
with centrifugal pumps mounted vertically inside a
recessed area in the cover of the electrolyte reservoirs.
This was done to keep most of the plumbing inside of
the reservoirs and to eliminate the need to prime the
pumps.

The control station for the 8-cell, 2500-cm? battery
was manufactured to demonstrate the viability of a fully
automated battery system. Three pumps with AC
motors were used for controlling the addition of second-
phase and for circulating the aqueous catholyte and the
anolyte. The second-phase was delivered to the intake
of the aqueous catholyte pump during discharge and
remained off during charge. Liquid levels were adjusted
by modifying the speeds of the anolyte and catholyte
motors. The second-phase motor was also controlled by
the programmable logic controlier (PLC). Most of the
plumbing components were made of rigid Kynar™ and
flexible Viton™. The reservoirs for the deliverable were
constructed from rectangular polyethylene tanks.

A microprocessor controller was used to coordinate
the operation and safety monitoring of the system. Volt-
age, current, liquid level, and leak data were converted
to 24-V signals and sensed by the PLC. Temperature
data were converted in a similar manner, but were moni-
tored by a commercially available electronic package.

Charge and discharge currents were controlled by
power metal-oxide semiconductor field-effect transis-
tors (MOSFETs) that are switched either on or off by the
PLC. They are also capable of controlling the direction
of the current. Therefore, a fully charged battery does
not need to be electrically isolated because the discharge
circuit would be enabled, allowing only discharge to
OCCur.

100-kWh Deliverable Battery
Design

A chief design objective for the proposed 100-kWh
battery station was that it operate independently of
external controls. It would have to be a stand-alone sys-
tem with internal controls and safeguards that would
enable fail-safe cycling. The battery system would be

completely self-contained. The pump rates and electro-
lyte levels would be self-adjusting. Power for all of the
parasitic systems such as cooling, controls, and electro-
lyte circulation would be taken from the battery system
itself. If any electrolyte should leak, it would be con-
tained within an outer shell and collect in a water-tight
basin at the bottom.

The original 100-kWh deliverable battery proposal
consisted of six battery stacks, two electrolyte reser-
voirs, and a support structure. The battery system was
to be tested using a cycling unit at SNL. The statement
of work for the contract was changed to call for delivery
of a self-contained, stand-alone peak-shaving system to
be connected to a utility grid. A three-module configu-
ration, each module having individual reservoirs and cir-
culation systems, was selected so that the battery mod-
ules could be electrically connected in both series and
paraliel arrangements. Details of the 100-kWh battery
design and progress in the manufacture of the system
are discussed below.

The demonstration unit consists of a 100-kWh
stand-alone system housed in a portabie chemical stor-
age vault. It contains three battery modules, each rated
at 33 kWh for a two-hour discharge. Each module con-
sists of two 60-cell, 2500-cm? battery stacks connected
in parallel, a pair of reservoirs, and an electrolyte circu-
lation system as shown in Figure 7-1. A dry module
weighs more than 700 pounds, and more than
1800 pounds when filled with electrolyte. Features
allowing transport by forklift were incorporated into the
modules. A finite-element analysis was run on the struc-
ture to ensure adequate strength, and the final design
was reviewed by an outside consultant for verification.

The three modules are housed ina 9'1" x 8'6" x 8'3"
HazMat building. The system is designed to sustain a
200-A discharge at an average of 250 V for two hours.
Heat exchangers, a bromine scrubber, and electrical
panels are located in an isolated quadrant in the build-
ing. The building contains a spill containment sump in
addition to those for the individual modules. Additional
safety devices in the building include bromine and
hydrogen sensors, and an accelerometer for earthquake
detection. The layout of the 100-kWh building, includ-
ing battery modules and the isolated area for the heat
exchanger and scrubber, is shown in Figure 7-2. A more
detailed drawing of the battery module is provided in
Figure 7-3.

The battery system is designed to comply with
Zone 4 earthquake requirements, which are considered
the most restrictive national guidelines. This is accom-
plished by using an epoxy-coated steel frame to support
each module, with the reservoirs inserted into the struc-
ture of the frame and the two battery stacks located
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Catholyte

Anoiyte
Reservoir

Figure 7-1.

between the reservoirs. The stacks are attached to the
frame by plastic-coated steel cords that will restrain the
stacks in the x, y, and z directions in case of an earth-
quake.

Each reservoir accommodates a recessed sump area
in the cover where the pumps are located. The anolyte
reservoir uses one pump, while two pumps are used to
circulate both the catholyte-aqueous and complexed-
bromine phases. Brushless DC motors run centrifugal
pumps that are mounted vertically inside the recessed
area in the reservoir covers. The inlets to the pumps are
located below the liquid level in the reservoirs, which
eliminates the need to prime the pumps. The majority of
the plumbing is fused polyvinylidene fluoride, which is
located inside the reservoir to minimize leakage from
the system. Any minor leaks from this plumbing will be
contained inside the reservoirs.

The plumbing from the reservoirs to the stacks is
composed of reinforced Viton™, which was chosen
because of its flexibility. The entire module is located
inside of a larger spill tray, which can contain any minor
leaks from the system.

Depiction of a 33-kWh Battery Module.

2nd Phase

Catholyte
Reservoir

Liquid-level sensors are located at the top of each
TESErvoir. The analog sensors are accurate to
0.25 inches and supply data to the battery controller.
The data are used to maintain constant electrolyte levels
in each reservoir by adjusting pump motor speeds. Leak
sensors are located in the module spill tray and in each
reservoir sump area. They will indicate minor leaks of
electrolyte into either location.

The 100-kWh system is designed so that batteries
can be electrically connected in either parallel or series
configurations. Each module has an open-circuit voli-
age of 109 V. The battery system specifications are
given in Table 7-1.

An extensive data collection system was developed
to verify the need for battery subsystems. Parasitic
losses from the pumps, heat exchanger, and control sys-
tems can be quantified, and a paging system, which is
automatically activated in the case of a potentially haz-
ardous condition, were installed. An internal load-man-
agement system was integrated into the system by run-
ning all of the auxiliary equipment, such as the heater,
scrubber, etc., off a 30-A circuit. For example, if the
scrubber needs to be activated, the heater will automati-
cally be disconnected from the circuit to maintain the
30-A load.
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NO. PART REF. NO.
1 ANOLYTE RESERVOIR 10103
2 HEATER 10021
3 CATHOLYTE RESERVOIR 10103
4 HEAT EXCHANGER 10069
5 GAS ANALYZER 10127
6 FIRE SUPPRESSION 10021
7 SCRUBBER ZBB
8 HEAT EXCHANGER RESERVOIR 10103

Figure 7-2.

Battery Controller and Software

A separate PL.C monitors and controls each battery
module. Each PLC has 2 KB of user memory and is
capable of data acquisition through a full-duplex
RS232C serial port. The PLCs monitor module voltage,
stack current, pump motor currents, and electrolyte lev-
els in the module reservoirs. The PLCs compare the
measured parameters to preset limits to determine if the
battery modules are performing properly. If the mea-
sured parameters fall outside the preset norms, the PLCs
will adjust variables, such as pump speed, to compen-
sate. If the measured parameters cannot be modified,
the PLCs will generate either a “FAULT” or “SHUT-
DOWN?” condition and proceed to turn off the system.
A “FAULT” condition causes the battery to be discon-

Front and Back Views of the 100-kWh HazMat Building.

nected from the power conversion system (PCS). A
“SHUTDOWN” condition gives the same result as the
“FAULT” condition, but the entire system, including
pumps, shuts down.

An additional PLC (the system controller) coordi-
nates the overall operation and safety of the system.
This controller monitors system parameters such as
electrolyte temperatures, bromine and hydrogen concen-
trations inside the building, building temperature, ambi-
ent temperature, peripheral current, and seismic activity.
If a potentially hazardous condition (to the system
and/or its surroundings) is sensed, the controller will
completely shut down the system. Conditions that
would result in a complete shutdown of the system
include an electrolyte or coolant leak, an earthquake, or
high levels of bromine.
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8 BROMINE FILTER 10016
9 PRESSURE GAUGE 10039
10 WATER THERMISTOR 70087
11 COOLANT HOSE 10037
12 THERMISTOR 70087
13 BURP CAP
14 FILL PORT 70039
15 FLOAT 10122
16 BATTERY HOLD DOWN (SEE DRAWING) | ZNBR 142
17 HOLD DOWN CABLE 10037
18 EYE BOLT 10037
19 HOSE CLAMP 10640
20 EYE BOLT 10037
21 VITON O-RING 10026
22 3/ 1D VITON HOSE 10025
23 RESERVOIR 10103
24 SPILL TRAY

Figure 7-3.

Detailed View of 33-kWh Battery Module.
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Table 7-1. 100-kWh Battery Specifications

Typical (Maximum)
Charge Voltage 360V (378 V)
Charge Current 100 A (150 A)
Open Circuit Voltage 328V
Discharge Current 100 A (200 A)
Low Voltage Cutoft 180V
Strip Current Cutoff 05A

Microsoft Windows™-based software monitors the
performance of the system. The PLCs monitoring the
battery system send data over RS232C seral lines to a
personal computer. Various screens generated by the
software display the information collected by the moni-
toring PLCs. This information includes parameters such
as module and system voltage and current, electrolyte
pump speeds, temperatures, seismic activity, hydrogen
and bromine gas concentrations, and parasitic load con-
ditions. The information is saved on the personal com-
puter’s hard disk to be recalled at a later date. It can be
presented in either a tabular or graphical format.

The software allows the operator to manually
change the speed of the various pumps in the system and
to manually shut down the system if necessary. If the
system is shut down or halted either manually or by the
PLCs controlling the system, the software, through a
modem connected to the personal computer, will notify
key personnel via personal pagers.

The software that controls the 100-kWh battery sys-
tem is also Windows-based and is provided on a disk
that can be used to install the software on any personal
computer. The software gives the user the ability to
monitor battery voltage, current, and state of charge.

100-kWh Battery System
Manufacturing

Four 33-kWh battery modules, each consisting of
two battery stacks, two reservoirs, and a circulation sys-
tem, were manufactured. Three of the modules were
used for the 100-kWh battery deliverable, and one addi-
tional module was used as a backup.

An Ansul-certified fire-suppressant system was
installed in the 100-kWh building. The system consists
of a dry chemical and a propellant that distributes the
chemical to each of the four quadrants in the building.
The system will be activated automatically by excessive
heat in any of the quadrants, or it can be activated manu-
ally from outside the building. Also, a heater and heat
exchanger were installed so that the battery system
could be operated in cold or hot weather.

Three 33-kWh battery modules were installed in the
100-kWh building. Also, the other major components of
the system (heat exchanger, scrubber, etc.) were
installed and tested. Before initiating the battery test
plan, a number of preliminary steps were taken. Com-
munication between the personal computer and all four
PLCs was established. The voltage and current sensors
for the modules and the gas sensor monitor were cali-
brated. Finally, control of the batteries, pumps, scrub-
ber, and heat exchanger was verified using the personal
computer.

Short cycling of the modules through a cycling unit
and later through the PCS was initiated for calibration
purposes and to test fault conditions such as overcharge,
overvoltage, and bromine detection. Noise in the sys-
tem caused periodic system shutdowns, which resulted
in initial delays in qualifying the battery system. Meth-
ods were developed to electrically isolate the battery;
this electrical 1solation allowed the PLCs to consistently
read battery voltages without being affected by the noise
from the PCS.

Once the noise problem was eliminated, all the
safety protection features were entered into the system.
The fault and shutdown conditions given in Table 7-2
were used to verify that the protection features of the
zinc/bromine battery were functioning. Each event was
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Table 7-2. Fault and Shutdown Conditions for 100-kWh Battery

Fault Condition

Shutdown Conditions

Overvoltage in Charge
Overcurrent in Charge

Door Open

Hydrogen Detection

Above Maximum Temperature
Below Minimum Temperature

Loss of 120 V, 30 A Supply
Bromine Detection
Accelerometer

Leak Detection

Leve! Sensors Off

Fire

documented by hard-copy printout as well as on the
hard disk of the personal computer.

Originally, reaching the low-voltage cutoff was also
considered a fault condition. However, instead of treat-
ing it as a fault condition, the response to a low-voltage
cutoff was changed to open the DC contactor and con-
nect the batteries to resistor banks so that the batteries
could be stripped. However, before the batteries are put
into strip, all battery modules must be within a specified
voltage window.

The following is a list of the responses that
occurred when a fault condition was observed:

1. Pump motors remain on.
DC contactor opens.
Alarm light turns on.

2

3

4. Test manager is paged.

5. Fault indicator to PCS opens.
6

Alarm screen appears on battery monitoring
PC.

~

Alarm horn on battery-monitoring PC sounds.
8. Event is recorded to the PC hard disk.
9. Eventis sent to the printer.

10. All subsequent operator actions are recorded to
the PC hard disk.

11. All subsequent operator actions sent to the
printer.

The following is a list of the responses that
occurred when a shutdown condition was observed:

1. Pump motors are turned off.
Horn sounds.

Alarm light turns on.

Both louvers close.
Scrubber turns on.

Test manager is paged.

DC contactor opens.

Fault indicator to PCS opens.

h o AT I o

Fault indicator to utility opens.

—_
e

Alarm screen appears on the battery monitor-
ing PC.

11. Alarm horn on battery monitoring PC sounds.
12. Event is recorded to the PC hard disk.
13. Event is sent to the printer.

14. All subsequent operator actions are recorded to
the PC hard disk.

15. All subsequent operator actions sent to the
printer.

16. The heat exchanger is turned off.

The shutdown conditions for a fire within the build-
ing were also modified. In the event of a fire, all power
is removed from the system and a warning bell is acti-
vated.
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Once testing of the batteries was initiated, some
problems were encountered that resulted from erratic
currents through individual battery stacks. The cause of
these problems appeared to be the inability to strip the
batteries following discharge. Because of this, the bat-
teries were not all at the same state of charge at the
beginning of each cycle. Individual stack currents
became more inconsistent on each subsequent cycle.
Strip resistors for each of the three battery modules and

electrical contactors that switch from the PCS to the
resistor banks, were installed inside the 100-kWh build-
ing. The ability to strip the batteries improved the per-
formance of the system. Once the system was running
properly, all the battery stacks were replaced with new
stacks to complete the battery test plan. The complete
test plan, including a description of the acceptance test-
ing procedures, and the results of the testing are
described in a subsequent report.
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8. Summary and Conclusions

In Phase 2 of the contract, zinc/bromine battery
technology was greatly improved in both safety and per-
formance. The unique, sealed cell stack has been shown
to be leak-free when properly designed and manufac-
tured. Improved properties of the base components of
the battery (electrode substrate, terminal electrode, cath-
ode layer, and separator) have increased the efficiencies
of 8-cell battery stacks to greater than 80% energy effi-
ciency on baseline cycling. Life expectancies have also
been dramatically increased. A number of batteries
have achieved greater than 500 baseline cycles with less
than 10% degradation in performance. One battery
stack cycled more than 1000 times.

The size of the battery stack was increased from
1170 cm? to 2500 cm? for utility applications. Some
problems were encountered with several of the first
larger-sized battery stacks, but the majority of these
problems were overcome by redesigning the injection
molds and improving welding techniques. Battery
stacks, both 8-cell and 60-cell, have achieved over 77%
energy efficiency on baseline cycling.

Additional testing was performed during the course
of the contract. No-strip cycling demonstrated
increased energy efficiency compared to baseline cycles.

Overvoltage and IR testing showed that recent batteries
are lower In resistance and that the cathode layer has
been improved. Batteries have been discharged over
three-to-six-hour rates with very litle variation in per-
formance. Finally, a process that appears to recondition
battery electrodes has been identified. This process has
decreased electrode overvoltage and extended the life
expectancy of the battery.

Alternative bromine complexing agents were exam-
ined, and one was found to give slightly better perfor-
mance than the standard material. Some quaternary
amines, which form very strong complexes with bro-
mine, were found to perform poorly in zinc/bromine
batteries.

A 100-kWh stand-alone zinc/bromine battery sys-
tem was manufactured, and testing of the system was
initiated. The system contains three separate modules,
each consisting of two battery stacks, two reservoirs,
and an electrolyte circulation system. Many changes
were made from the original design to obtain a system
(battery and PCS) that needs minimal operator involve-
ment.

Testing of the 100-kWh battery and PCS are docu-
mented in a subsequent report.
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