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Abstract

This report describes the results of a three-phase project that evaluated lead-based
energy storage technologies for utility-scale applications and developed carbon
materials to improve the performance of lead-based energy storage technologies.
In Phase I, lead/carbon asymmetric capacitors were compared to other
technologies that used the same or similar materials. At the end of Phase | (in
2005) it was found that lead/carbon asymmetric capacitors were not yet fully
developed and optimized (cost/performance) to be a viable option for utility-scale
applications. It was, however, determined that adding carbon to the negative
electrode of a standard lead-acid battery showed promise for performance
improvements that could be beneficial for use in utility-scale applications. In
Phase Il various carbon types were developed and evaluated in lead-acid batteries.
Overall it was found that mesoporous activated carbon at low loadings and
graphite at high loadings gave the best cycle performance in shallow PSoC
cycling. Phase 111 studied cost/performance benefits for a specific utility
application (frequency regulation) and the full details of this analysis are included
as an appendix to this report.
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EXECUTIVE SUMMARY

This project focused on evaluating lead-based energy storage technologies appropriate for
utility applications and developing carbon materials that improve the performance of lead-
based energy storage technologies. In Phase I, lead/carbon (Pb/C) asymmetric capacitors
were identified as having the potential to deliver energy for less than $250/kWh (including
both the energy storage device and a power conditioning system specifically designed for the
Pb/C technology). Thus, this project’s original goals were to compare the Pb/C technology to
other technologies that use the same or similar materials and to select the most promising
technologies for commercialization and use in a utility application.

During Phase I (in 2005), it was found that Pb/C asymmetric capacitors were not currently
economical using commercially available non-proprietary materials and were, at that time,
too far from commercialization to be a viable technology for evaluation in high-power utility
applications. Initial research indicated that a hybrid energy storage device created by adding
carbon to the negative electrode of a standard lead-acid battery showed more promise in the
near term for high-power applications than a true Pb/C asymmetric capacitor. The project
then re-focused on evaluating carbon-modified lead-acid batteries that could be made on
current lead-acid battery manufacturing equipment. In Phase |, prototype carbon-modified
batteries were manufactured on commercial battery lines and evaluated. Some performance
properties of the carbon-modified batteries improved (e.g., life under shallow partial-state-of-
charge [PSOC] cycling and overcharge acceptance) compared with standard lead-acid
batteries, while other properties degraded (e.qg., life under broader PSOC cycling, cold
cranking amps, and gassing/float) compared with standard lead-acid batteries. Optimization
of the carbon-modified negative electrodes was needed to improve device performance for
the utility application of interest.

In Phase II, various carbon types were evaluated as additives to the negative plates of lead-
acid batteries, and the carbons that gave the best performance were identified based on
evaluations in test cells under a simple PSOC cycle (shallow 6% SOC window). It was found
that activated carbons perform better at low loadings (1% by weight) and graphitic carbons
perform better at mid to high loadings (2%, 5%). Activated carbon properties that gave the
best performance included larger particle size, unwashed, and mesoporous. Synthetic
expanded graphite performed better than natural flake graphite at the mid loading (2%), and
natural flake graphite performed better than synthetic expanded graphite at the higher loading
(5%). Overall, mesoporous activated carbon at low loadings and graphite at high loadings
gave the best cycle performance.

Performance verification was then completed for various lead-acid battery types (valve-
regulated lead-acid [VRLA] and gel) with carbon additives in the negative plate. Conclusions
from a VRLA study were that a mixture of carbon black (2% by weight) and graphite (2% by
weight) in the negative plate gave the best performance under advanced PSOC cycling
(shallow SOC window of 3%). A second battery study used VRLA gel batteries. In that
study, a 3% (by weight) mesoporous activated carbon loading in the negative plate gave the
best performance under advanced PSOC cycling. When these gel batteries were cycled under
a wider PSOC cycle, however, the standard gel battery gave the best performance and
additional carbon did not realize any benefit for cycle performance.

12



In Phase 11, using energy storage in a 1-MW/1-MWh Utility Frequency Regulator (UFR)
application was studied and the cost/performance benefit of using gel lead-acid batteries as
the storage technology was quantified. Based on the results, the Battery Energy STD 1 gel
battery should provide at least 2 to 3 years of continuous service at the assumed power-to-
energy ratio. The capital cost estimate for the UFR was $3,728,000 total recurring cost and
$439,200 non-recurring costs. The suggested next steps are to estimate the revenue that could
be made with the UFR, optimize the power-to-energy ratio, and adjust the design accordingly
to provide a complete economic analysis of the system for this application.
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INTRODUCTION

Energy storage for the utility industry is currently receiving increased attention. The
Electricity Storage Association (ESA) meets annually to discuss the progress being made
towards the development of various energy storage technologies. Some key goals to be
achieved by the development of these energy storage devices for utility-based energy storage
applications include—

e Damping of grid disturbances and eliminating cascading failures such as the northeast
outage of 2003;

e Higher power quality;

e Enhanced value/market penetration from renewable resources such as wind and solar
energy; and

e Improved utilization of existing utility assets including generation stations,
transmission lines, substations, etc.

Although energy storage is becoming increasing desirable, no feasible solution exists today
that meets cost targets necessary for widespread technology adoption. Second, there is a wide
range of energy storage applications that have significantly different performance
requirements for energy storage devices. As a result, it is unlikely that any single technology
will attain widespread adoption and technologies will need to be developed on a case-by-case
basis. The following sections summarize information on the different energy storage
applications and energy storage devices.

Utility-based Energy Storage Applications

Break-even cost targets for different forms of energy storage were analyzed by John Boyes of
Sandia National Laboratories (SNL) [1]. The results identify the capacity for the various
energy storage applications and are shown in Figure 1. The cumulative market for energy
storage comprised many different applications. No single application comprises more than
20% of the total market.
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Figure 1. Break-even cost of storage by application [1].

These applications will require charge/discharge cycles that range from seconds for power
quality applications, hours for power arbitrage and peak shifting applications, to days for
renewable energy firming. Figure 2 outlines the charge/discharge time characteristics for
various different energy storage applications.

POWER ENERGY
Seconds minutes — hours diurnal
LOAD PQ DER Support_ for Peak Shgvmg
Digital Load Following to Avoid
Reliability Demand Charges
Voltage Dispatchability Mitigation of
GRID Support, for Renewables, Transmission
Transients Village Power Congestion,
Arbitrage

Figure 2. Energy storage charge/discharge time characteristics by application [2].

At the high end of the spectrum, cost targets from $500 to $1500/kWh may be justified in
cases such as the transmission line and power station upgrade deferrals [1, 2]. Over half of

the energy storage applications require target costs for devices below $400/kWh, which is a
difficult target for emerging energy storage technologies. Based on the results shown in
Figure 1, it is therefore likely that high-cost upgrade deferrals will be the first application for
energy storage based on the higher acceptable technology cost. End user power quality will
likely occur next, followed by power arbitrage applications. Applications that require energy
storage with charge/discharge times greater than 3 to 5 hours include power arbitrage,
renewable energy firming, peak shaving, many upgrade deferral applications, etc.
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Peak shaving has recently received a significant amount of attention [3]. Energy is stored
during times of low demand and then released to reduce peak demands. As shown in

Figure 3, a typically daily load will vary between a minimum of about 50,000 MW at

3:00 a.m. to a maximum of 70,000 MW at 7:30 p.m. The peak load occurs over a period of
about 4 to 5 hours. Therefore an energy storage device can be expected to charge for a period
of about 4 hours from 1 a.m. to 5 a.m., float at the fully charged state for 12 hours until

5 p.m., discharge for 4 hours until 9 p.m., and then float in the discharged state for 4 hours
until 1 a.m. when the cycle starts again.

72000

"
— .II
520004 ™

i bt L

45000

oo 02 04 oOs Oz 10 12 14 18 18 20 22 00

Forecasted —Inztantaneousz  Day Ahead Demand

Figure 3. Representative daily power use [3].

For power arbitrage applications, a simple calculation can be used to estimate the allowable
cost of an energy storage device based on the following assumptions:

1. Total cost of ownership of an energy storage system must be lower than the market
cost of electricity (assume $0.08/kWh to be economically feasible).

2. Lifespan of the system is 10 years or 3000 cycles.

3. Charge/discharge energy efficiency is 80%.

Therefore, the maximum system cost can be calculated as follows:

Max System Cost = 3000 cyclesx 0.08 $/kwh x 0.80 =192 $/kWh

$200/kWh is a difficult target to meet and compares with the value of $300/kWh shown in
Figure 1. The difference is likely due to the lifespan used in the application (i.e., 10 years).
Most available data for energy storage applications will specify a system cost in $/kWh. The
cost of an energy storage device will need to be paid off over the lifespan of the device.
Consequently, the cycle life of an energy storage device is an important parameter in
determining its economic feasibility. Furthermore, expensive energy storage devices that
exhibit extremely long cycle life may not be feasible if the capital cost of the energy storage
system cannot be recovered in 10 to 20 years.
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Energy Storage Devices

Many energy storage devices are currently available or are being developed for utility
applications. Some of the more promising energy storage devices include [1, 2]—

Lead-acid batteries

Nickel/cadmium (Ni/Cd) batteries
High-temperature sodium/sulfur (Na/S) batteries
Polysulfide bromide (PSB or Regenesys) flow batteries
Vanadium redox (or VRB) flow batteries
Zinc/bromine (Zn/Br) flow batteries

Electric double-layer capacitors (EDLCs)
Superconducting magnetic energy storage (SMES)
Flywheels

Pb/C asymmetric capacitors

Compressed-air energy storage (CAES)

Pumped hydro

Lead-acid, Ni/Cd, and Na/S batteries have already been demonstrated in large energy storage
devices (>10 MWh). Flow batteries (e.g., PSB, VRB, and Zn/Br) usually become
economically feasible for extremely large applications (>100 MWh). EDLCs, SMES,
flywheels, and Pb/C asymmetric capacitors are emerging technologies. CAES and pumped
hydro energy storage systems are mature technologies that have been demonstrated in large-
scale applications but require specific geological conditions that restrict their use. The
applications for various energy storage devices are shown in Table 1.

Table 1. Applicable Technologies for Various Energy Storage Devices [2]

Approximate

Energy Storage Powgr 3-hour. 10—hour Cost*

Technology Quality Load Shift Load Shift ($/kw)
Lead-acid Batteries X X 500
Ni/Cd Batteries X X 900
Na/S Batteries X X X 800
PSB Flow Batteries X X 900
VRB Flow Batteries X X 900
Zn/Br Flow Batteries X X 1000
EDLCs X 600
SMES X 800
Flywheels X 700
CAES X 700

*Total capitalized costs in 2006 including both initial capital and annual expected costs [2]. Cost
depends strongly on application and may increase by as much as a factor of 3.
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Background — Lead-acid Batteries

The development of the lead-acid batteries and similar technologies such as Pb/C asymmetric
capacitors offers the best potential for economic viability in many energy storage
applications. Several large (>1 MWh) facilities have been commissioned in various locations
around the world (see Table 2).

Table 2. Lead-acid Battery Storage Facilities [4]

Plant NAME Rated Rated
& Installed Energy Power Cost Cost

Location (year) (MWh) (MW) (1995%/kW)  (1995%/kWh)
CHINO 1988 40 10 805 201
California
HELCO 1993 15 10 456 304
Hawaii
PREPA 1994 14 20 239 341
Puerto Rico
BEWAG 1986 8.5 85 707 707
Berlin
VERNON 1995 45 3 458 305
California

The 10-MW facility located in Chino, California, uses industrial-sized lead-acid cells
connected in series and parallel arrangements to make a system that delivers energy into the
utility grid at 200 V and 8000 A for 4 hours. This facility operated for over a decade as a
demonstration project.

The two main types of lead-acid batteries are starting, lighting, and ignition (SLI) and deep-
cycle/traction. The former are highly cost sensitive and typically use traditional vertical-plate
designs that maximize surface area and, thus, cranking amps. Traction batteries are more
applicable to energy storage applications because they are primarily designed for long cycle
life. The major failure modes for these batteries are disintegration of the PbO; positive active
material and corrosion of the positive grids.

Typically, lead-acid batteries exhibit low cycle life (i.e., 50 to 500 cycles); up to 2000 cycles
can be attained with special designs [5]. Most traction batteries produced in the U.S. feature
flat-paste (Faure) positive plates. Some domestic batteries and most traction batteries
produced in the rest of the world use tubular or gauntlet-type positives. The latter designs
minimize both grid corrosion and shedding and hence promote higher cycle life with a higher
initial cost.

Many recent advances in lead-acid battery technology [6] are focused on improving the cycle
life for shallow depth-of-discharge (DOD) cycling for high-power applications such as
hybrid electric vehicles (HEVS). Such devices will also be applicable to power quality energy
storage applications where the charge/discharge time is in the range of seconds to minutes.
End user power quality and customer reliability represent two large segments of the total
energy storage capacity as shown in Figure 1. For HEV and power quality applications,
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where high-rate PSOC operation occurs, the lower surface area negative electrode tends be
the main problem with sulfation occurring in lead-acid batteries.

Lead/Carbon Capacitors

The development of lead-acid batteries and similar technologies such as Pb/C asymmetric
capacitors offers a potentially economically viable approach for energy storage applications.
Figure 4 shows a how a lead-acid battery transitions to a lead-carbon asymmetric capacitor as

the loading of carbon additive increases from 0% to 100% in the negative plate. Lead carbon
asymmetric capacitors are discussed in more detail in the following section.

+ L] + o
Increasing Carbon %
Increasing Capacitor Component

Lead Acid Battery Lead-Carbon

Asymmetric Capacitor
Figure 4. Pb/C energy storage devices.
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PHASE I—LEAD/CARBON ENERGY STORAGE DEVICES

The Pb/C asymmetric device contains a traditional lead-acid battery positive electrode and an
activated carbon negative electrode. The electrolyte is aqueous (e.g., sulfuric acid). Four
main U.S. patents relate to this technology: 6,222,723; 6,195,252; 6,426,862; and 6,466,429.
A number of companies are developing and working toward commercially producing these
types of devices, including ESMA/Universal Supercapacitors, Axion Power, and Furukawa
(licensee of the “ultrabattery’ technology developed at the Commonwealth Scientific and
Industrial Research Organization, or CSIRO). Because the materials being developed are
proprietary, components for building test-scale versions of these devices were difficult to
obtain.

Nevertheless, our goal was to investigate device designs that could be integrated into the
existing commercial lead-acid battery manufacturing base to minimize costs. To evaluate this
possibility, we attempted to build test cells on our own. We had difficulty finding a source
that could supply or fabricate current collectors for the activated carbon electrode that could
be integrated into current lead-acid battery cast on strap manufacturing. The options
considered included polymer coated metals, carbon, and titanium. Ultimately we chose
graphite sheet, but the graphite current collectors (Figure 5) ultimately failed due to poor
mechanical strength, or they were not compatible with the molten lead used in cast on strap
manufacturing.

We built some lead-carbon asymmetric test cells (Figure 6), and compared their capacity to a
traditional lead-acid battery. The lead-carbon asymmetric test cells had lower capacity
compared with a lead-acid battery (Figure 7). Based on the difficulties encountered with this
technology and the lack of available materials and information, we decided to refocus the
program on carbon additives to the negative plates of lead-acid batteries. This approach
appeared to be more economical, and devices could be readily produced on existing lead-acid
battery manufacturing equipment.
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Figure 5. Current collectors molded to lead lug.

Figure 6. Lead aymmetric test cells composed of one negative and two positive
electrodes (built with Independent Labs).

21



6 -

.
Lead Acid Battery_. — o
’)

3 _
/ HES Device

Nominal Capacity (Ah)
\

A .- -

1/C Discharge Rate (hrs)

Figure 7. Capacity of Pb/C capacitors (hybrid energy storage, or HES, device) built
with different types of current collectors. At the 5-hour rate the capacity was roughly
1/3 that of the lead-acid battery.

Carbon Additives in Lead-acid Batteries

The project then focused on another approach to a Pb/C energy storage device that could be
produced on existing lead-acid battery manufacturing equipment. This approach was to add
carbon directly to the negative plate of a lead-acid battery at a loading less than 10% by
weight of the lead oxide in the negative plate. This approach has been under investigation by
various companies and by the Advanced Lead-acid Battery Consortium (ALABC) to
improve the performance of lead-acid batteries, in particular to enable them to operate in the
charge/discharge regimes required for HEV applications (high-rate PSOC operation).
Typically, lead-acid batteries experience negative plate sulfation under these conditions, but
previous work has shown that carbon addition can slow or prevent negative plate sulfation
under PSOC operation [4].

Three main carbon types were investigated in this project. They included graphite, carbon
black, and activated carbon. Generalized properties for these carbons are shown in Table 3.
Commercial VRLA batteries were built at NorthStar Battery (Springfield, Missouri) with
various loadings and types of carbon. The batteries included are listed in Table 4.
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Table 3. Generalized Properties for Three Carbon Types

Surface Area Capacitance o Pore Volume
Carbon Conductivit
(m2/g) (Flg) y (cclg)
Graphite 1to 20 1to5 +++ 0to 0.1
Carbon Black 50 to 1700 5to 100 +++ 0.1t00.3
Activated Carbon 500 to 2000 50 to 200 ++ 0.5t01.3
Table 4. Batteries from Initial Trial at NorthStar
(% by weight in negative plate based on lead oxide)
% by weight i
Battery Carbon Carbon Lianin Graphite  Activated Cgr(t:)ttl)\;afl'eydpe
Black 1 Black 2 9 P Carbon
Standard 0.25 - 0.18 - - -
MWV0 - 2.00 0.30 2.00 - -
MWV1 0.25 - 0.18 - 4.00 Microporous*
MWV2 1.50 - 0.18 - 4.00 Microporous*
MWV3 0.25 - 0.18 - 3.00 Mesoporous**
MWV4 1.50 - 0.18 - 3.00 Mesoporous**

* Microporous carbon refers to carbon that has the majority of its pore volume within pores less than
20 Angstrom in size.

**  Mesoporous carbon refers to carbon that has the majority of its pore volume within pores between
20 Angstrom and 500 Angstrom in size.

The batteries were tested for a variety of properties, including life cycle under a simple
PSOC cycle (see Page 28 and Figure 10 for details), charge acceptance under fast charge
(108% cycling), life cycle under a simulated utility cycle (see Page 52 for details), J240 SAE
life test for automotive batteries, gas/float testing, cold cranking amps, and Tafel plots. A
summary of the test results are shown in Table V. Carbon addition led to improved
performance for some properties, including increased cycle life for shallow PSOC cycling
and increased overcharge acceptance. Carbon addition led to decreased performance for other
properties, including broader SOC window PSOC cycling, gas/float, and cold cranking amps.
Further work was needed at this point to determine what carbon types, properties, and
loadings would realize performance improvements without the accompanying performance
decreases. This became the focus of the Phase Il work.
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Table 5. Summary of Battery Performance

Size  SiMple Ci/(():?iofg Utility
Battery (Ah) pr?:ﬁrc]:g Charge cycling J240 Gas/Float CCA Tafel
Acceptance
Standard 30 x x X X x X x
Standard 40 x x X X x X x
Standard 50 x x X X x X x
MWV0 30 >6x 10x 0.8x 0.8x 20/20x 0.8x 20x
MWVO0 70 6% 10x - - - 0.8x -
MWV1 30 4% 10x 0.8x 0.3x 20/20x 0.8x 20x
MWV2 30 2x 10x - - - 0.7x -
MWV3 50 6% 10x - 0.9x 2/10x 0.8x -
MWV4 50 3x - - - - 0.7x -
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PHASE II—DEVELOPING A FURTHER UNDERSTANDING OF
CARBON ADDITIVES IN LEAD-ACID BATTERIES

Hammond Test Cells

Cell Preparation

In an effort to determine the best carbon and loading level for lead-acid batteries in the PSOC
application (i.e., frequency regulation), Hammond Expanders constructed and formed 72
three-plate negative limited test cells (Figure 8). These cells were capacity characterized and
cycled with the simple PSOC cycling algorithm to investigate performance differences
between seven specific types of carbon materials.

Figure 8. Three-plate negative limited (two positives, one negative) test cell fixture.

Negative plates with 24 paste mix variables (carbon type and loading) were pasted and cured
at Hammond Expanders. Matching positive plates (two positives per negative) were obtained
from NorthStar Batteries.

The goal of this study was to determine the optimum loading, particle size, and carbon type
for activated carbon additives in lead-acid batteries. The carbon loadings were 1%, 2%, and
5% by weight; the target particle sizes were 10 um and 30 um; and the carbon types included
mesoporous and microporous activated carbons, graphite (expanded and flake), and
Hammond 2:2 Mix (flake graphite:carbon black). Material properties are listed in Table 6
and Table 7.
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Table 6. Carbon Properties

BET

Carbon Surface Particle  Total Pore Micropore Acid
General Type Size Volume Volume Washed
Code Area 3 3
2 (dsg, um) (cm”/g) (cm/g) (Yes/No)
(m*/g)
Type A-200 1757 12 1.32 0.20 Yes
Mesoporous
Activated Carbon Type A-198 1761 29 1.32 0.20 Yes
Type Al1-202 1820 27 1.33 0.23 No
Microporous Type B-702 1169 9.6 0.55 0.47 Yes
Activated Carbon . g 701 1221 6.6 0.57 0.49 Yes
Flake Graphite* APH 2939 8 11.4 -- -- No
Expanded ABG 1010 22 - 0.12 0.01 No
Graphite
Hammond 2:2 2:2 o1 35 NA NA No

Mix**

*  Flake graphite (natural) and expanded graphite (synthetic) obtained from Superior Graphite via Hammond
Expanders.

**  Hammond 2:2 mix is mixture of flake graphite (APH 2939) and carbon black (N-136, Sid Richardson Carbon
& Energy Company).

Table 7. Carbon Purity (ppm)

Element A-200 A-198 A1-202 B702 B-701 APH 2939 ABG 1010 2:2 Mix
(washed) (washed) (unwashed) (washed) (washed) (unwashed) (unwashed) (unwashed)
Cr 0 0 6 2 2 0 1 2
Cu 0 0 1 5 3 0 0 0
Fe 5 4 106 10 9 43 15 36
Mn 1 1 2 0 0 0 0 0
Ni 2 0 1 1 1 1 1 0
Ti 3 3 5 1 1 33 4 12
\Y 0 0 0 0 0 3 1 1
Zn 0 1 1 18 9 12 20 13

Cell Performance

The carbon-additive-containing negative plates were assembled into three-plate VRLA cells
with 4.35 Ah and 1.74 Ah of positive and negative capacity, respectively (C/1 rate). This cell
design has been adopted from past research projects done by both Hammond (Dave Boden)
and CSIRO (Russell Newnham).
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Capacity Results

As shown in Figure 9, the capacity of the cells at the C/1 rate following ten conditioning
charge/discharge cycles shows little variation in performance among the various carbon types
and loadings. This is expected, as each electrode was pasted to weight and contains the same
amount of negative active material (regardless of density) and an excess of positive active
material.

Hammond Test Cell Initial Capacities
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Figure 9. Initial capacity of Hammond test cells.

Cycling Results

The cells were cycled with a PSOC protocol used in past research projects: ‘simple HEV’ or
‘simple PSOC’ screening algorithm (6% SOC window). A general description of the cycling
protocol is shown below (maximum current = 3.48 A, maximum voltage = 2.5 V).

CHARGE: Fully charge the cell.

DISCHARGE: Measure capacity at C/1 between each cycle set.
CHARGE: Fully charge the cell.

DISCHARGE: 30 minutes at C/1 (i.e., to 50% DOD).

Begin PSOC Cycling

CHARGE: 1 minute at 2C.

REST: 10 seconds.

DISCHARGE: 1 minute at 2C.

REST: 10 seconds.
Repeat PSOC Cycling—Record every 100™ cycleuntil V<17 V.
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As shown in Figure 10, cells were cycled for a total of five cycle sets. Each color block is a
separate cycle set, indicating the change in performance of the various carbon types as
cycling progressed.

Additionally, Figure 11 indicates the percent of initial capacity retained after the five cycle
sets. This suggests a trend in the ability to remove sulfate during full recharge, where the
heavily cycled electrodes see some irreversible capacity loss, yet the best cycling additive
plates retain at least 80% of their initial capacity (Type A-198-1%, Type A1-202-1%, and
ABG1010-2% as well as APH2939-5%). Poor cycling electrodes that show low retained
capacity suggest no enhanced route for the removal of hard sulfate (activated carbon Type
B), while those with lower cycle numbers and acceptable retained capacities require a full-
charge to maintain capacity, but cannot cycle long without this charge.

Hammond Test Cell Cycling Performance
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Figure 10. Simple PSOC cycling performance of Hammond test cells.
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Hammond Test Cell Capacity Retention
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Figure 11. Post-cycling capacity retention (5 cycle sets).

Observations

There are a number of observations regarding the ideal properties of a negative electrode
carbon additive for PSOC operation:

Activated carbons perform better at lower loadings (1%).

Graphitic carbons perform better at high- to mid-level loadings (2%, 5%).
Larger particle size activated carbons perform better (A-198 vs. A-200).
Unwashed activated carbons show acceptable performance (A-198 vs. A1-202).
Mesoporous activated carbons perform better than microporous (A vs. B).

Synthetic expanded graphite performs better than natural flake at lower loadings
(2%).

Natural flake graphite performs better than synthetic expanded at higher loadings
(5%).

Mesoporous activated carbon (low loadings) and graphite (high loadings) are ideal.
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NorthStar December 2006 Build
Matrix Background and Details

The goal of this battery trial was to further our understanding of how carbon performs in
VRLA batteries, specifically addressing the issues raised in Phase | by looking at the
following:

e Carbon loadings—original loadings (2%, 3%, and 4%) perhaps too high?

e Carbon purity—high impurity levels possibly lowering the hydrogen overpotential
and increasing gassing; and

e Carbon modifications—is it possible to change properties to enhance performance?

The matrix consisted of 23 runs, and batteries were manufactured based on the NorthStar
Battery front terminal (2 x 3 cell) design. This design is different than that used in Phase |
since NorthStar had discontinued manufacturing the industrial product. The front terminal
design had plates that were taller and narrower than the industrial design and was more
susceptible to heating at higher charge/discharge rates (thus the eventual need for the
modified ‘advanced HEV’ cycling schedule). The 23 battery types and the carbons used are
summarized in Table 8.

All of the activated carbon types used in the study were purified mesoporous carbons with
and without further modifications. Various modifications were made to test the hypotheses
that said modification would address a potential performance concern. Carbon A was
impregnated with 1%-by-weight silver to decrease gassing, Carbon B was impregnated with
15%-by-weight lignin to prevent the carbon from soaking up the lignin from the expander,
Carbon C was impregnated with 30% lignin, Carbon D was unmodified, Carbon E was
impregnated with 5% lignin, Carbon F was impregnated with 10% lignin, and Carbon G was
impregnated with 10%-by-weight non-detergent oil to reduce gassing.
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Table 8. Negative Plate Expander Details Relative to Oxide (% by weight oxide)

Run BaSo, S%ItBex AC T?/;C):e Graphite Liglnin Ligznin Comments

1 STD 025% 12% A - 0.18% - Reduce H,

> STD 025% 12% A ] 0.37% - Reduce H,

3 STD  025% 12% B ] 0.18%  0.18% Lignin Solubility
4 STD 0.25% 1.2% C - - 0.37%  Lignin Solubility

5 STD | 0.25% 1.2% D - 0.18%  0.18% Lignin Solubility

6 STD 0.25% 1.2% D - - 0.37%  Lignin Solubility

7 STD 0.25% 1.2% D - 0.18% - Carbon Baseline

8 STD 0.25% 1.2% D - 0.37% - Carbon Baseline

9 STD 025% 37% A : 0.18% - Reduce H,

10 STD  025% 37% A ] 0.37% - Reduce H,

11 STD  025% 37% E . 0.18% 0.18% Lignin Solubility
12 STD  025% 37% F - - 0.37%  Lignin Solubility
13 STD  025% 37% D ] 0.18% 0.18% Lignin Solubility
14 STD  025% 37% D ] ] 0.37%  Lignin Solubility
15 STD 0.25% 3.7% D - 0.18% - Carbon Baseline |
16 STD 025% 37% D : 0.37% - Carbon Baseline
17 STD  025% 12% G ] 0.37% - H,and O,

18 STD  025% 37% G ] 0.37% - H,and O,

19 STD  025% - - - 0.18% - Baseline

20 STD 025% - : - 0.37% - Baseline

21 3xSTD 025% - - - 0.37% - Grain Size

22 STD  244% - - 244%  0.37% - Modified ALABC
23 STD  025% - - 0.18% -~ 40FT

Battery Characterization

The bulk of the battery characterizations were completed by NorthStar, the primary results of
which follow. One of the major differences between this set of batteries and the set produced
for Phase | is plate matching: the first program batteries had specific matching positive
plates. The design of each type of battery was verified and normalized using NorthStar’s
battery model. The model allowed factors such as active material rations and plate
compression to remain constant across battery types. The Phase Il batteries were not
designed in this manner, adding to the expected experimental variation common with
production batteries.
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Initial Capacity

It is important to recognize that the negative plates of all run types were pasted to a constant
plate thickness. Because the densities of the negative pastes used in the various runs varied,
the amount of actual active material present varied significantly, which affected the capacity
data collected. Normalized C/1 capacities indicated a degree of increased utilization for
nearly all battery types, as shown in Figure 12. Normalization was based on estimated
negative active material (NAM) content derived from battery-weight-based calculations.

Test Capacities Normalized Test Capacities
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Figure 12. Raw and normalized initial capacities (C/1 rate).

Self-Discharge

One cell from each run was charged and its voltage recorded. It was allowed to stand and its
voltage was recorded at 100 days (shown in Figure 13). The start voltages varied, possibly
due to differences in when the voltage reading was taken following charge for each battery.
More importantly, the final open circuit voltage (OCV) measurements indicated no
significant stand losses over the 100-day period when compared to that of the standard
NorthStar product, as shown in Figure 14.

Self-Discharge Stand Losses (100 days)
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Figure 13. Self-discharge stand losses over 100 days.
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Figure 14. Shelf life of standard NorthStar Battery product.

Charge Acceptance (Recharge Time)

The batteries were boosted (16 A, 14.7 V for 10 hours); discharged according to their
individual C1 rates and recharged at 2.27 V/cell to 105% Ah returned. This allows a quick
way to look at the expected float currents. This test is typically done at a number of recharge
rates and voltage limits while monitoring the time to get to various levels of Ah returned.
This was a significant result of the Phase | effort, as the carbon-modified batteries showed
shorter recharge times once 100% SOC was reached, as shown in Figure 15.
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Figure 15. Phase | recharge time curves (top: standard; bottom: carbon-modified).
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The data for Phase Il used only one recharge rate (1C), one voltage limit (2.27 V/cell), and
only one time was reported: time to approximately 105% returned (see Figure 16).
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Figure 16. Recharge time for Phase Il batteries.

Float

Float currents for each sample type were measured at 2.27 V. The results, shown in Table 9,
are divided into two groups based on lignin loading level (0.18% and 0.37%). Conditions 19
and 20 are the respective standards. As indicated, a number of samples exhibit low float
currents. Additionally, when combined with the recharge time performance, a number of
carbon types emerge as ideal telecommunications batteries: low float and high rechargability.

Cycling Results

Simple PSOC Schedule

Immediately it was confirmed that the front terminal design heats up much more than the
industrial battery design. The front terminal batteries were activating many more rests than
the industrial product cycled in the first program. Indeed, the number of rests increased so
markedly that it affected the polarization on charge to such a level that it was hard to
determine differences between the batteries. Because of this problem and because of the
widely varying capacities from run to run (which caused very different SOCs after the initial
discharge), it was decided to use a modified schedule (called the ‘advanced’ schedule).

Advanced PSOC Schedule

This profile discharges to a voltage (11.9 V) during the initial 50% discharge (rather than just
removing 26 A for 30 minutes as in the simple schedule), and includes an SOC adjustment
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based on the discharge voltage that results in the batteries receiving a recharge of 15% when
their SOC drops to approximately 40% SOC. In other words, the advanced schedule results
in batteries from different batches being treated more evenly so that a more accurate
comparison between run types can be obtained. Details of this cycling protocol are as
follows:

Q) DISCHARGE at 26 A to 11. 9 V (~ 50% SOC).

(i) REST for 10 seconds.

(il)  cHARGE at 60 A for 60 seconds; terminate test if voltage hits 17.5 V.

(iv)  ResT for 10 seconds.

(V) DISCHARGE at 60 A for 60 seconds; if battery temperature exceeds 50 °C,
suspend cycling until the temperature drops to 49.5 °C.

(vi)  REPEAT Steps (ii) through (v) until the voltage during Step (v) drops to
11.5 V; PROCEED to Step (vii).

(vii)  REeST for 10 seconds.

(viii) CHARGE at 60 A with a top-of-charge voltage (TOCV) of 15 V until the
equivalent of a 60 A for 60 seconds (i.e., 1 Ah) has been returned.

(ixX)  ResT for 10 seconds.

(x) DISCHARGE at 60 A for 58 seconds; if battery temperature exceeds 50 °C,
suspend cycling until the temperature drops to 49.5 °C.

(xi)  REPEAT Steps (vii) through (x) 115 times (note, changing the discharge time
from 60 to 58 seconds results in the SOC of the cell increasing by 15% over
the 115 cycles); RETURN to Step (ii). After repeating Steps (ii) through (x) for
a total of two weeks, PROCEED to Step (xii).

(xii) CHARGE at 6.7 A with a TOCV of 14.7 V for a total of 12 hours.
(xiii) DISCHARGE at 30 A to 10.5 V.
(xiv) CHARGE at 6.7 A with a TOCV of 14.7 V for a total of 12 hours.

The results of the advanced PSOC cycling are summarized in Table 9. It was clear from the
voltage plots that the 2.4% carbon black:2.4% graphite mix (Sample 22) was the best
performer (fewer SOC adjustments and nearly no increase in TOCV). Furthermore, Battery
19 (the standard but with a higher purity — and possibly surface area — carbon black than
commercially used) also performed well. The batteries made with activated carbon in the
negative plates showed no significant performance enhancement; however, batteries from
Runs 3, 5, 6, and 7 outperformed the batteries made with the other activated carbon
conditions. The higher loading of activated carbon (3.7% by weight) showed no benefits
versus the standard performance, and batteries produced with the lower loading of activated
carbon (1.2% by weight) had the best cycling performance among the activated-carbon-
containing batteries. Batteries with the best recharge performance included Conditions 2
(1.2% silver impregnated activated carbon), 22 (2.4% carbon black:2.4% graphite), 14 (3.7%
activated carbon), and 16 (3.7% activated carbon). These results suggest that higher loadings
of carbon in the negative plate may have a positive effect on battery rechargability.
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Table 9. Float, Recharge, and PSOC Cycle Rankings

I Float Float Recharge Advanced
Run # % Lignin | Current Rank Rank PSQC
(MmA) Cycling
7 15
9 11
15 0.18 11
19 4 Std. Good
1 3 Best
22 44 Best Best
16 16 Best
13 13
12 11
11 10
17 10
18 10
5 9 OK OK
4 0.37 9 OK
14 8 OK Best
10 8 OK
20 8 Std.
3 8 OK OK
2 7 Good Best
8 6 Good
21 6 Good
6 3 Best OK

Battery Energy Gel Batteries

The objective of this study was to evaluate the effect on performance of adding various
levels/types of carbons to the negative-active material in commercial gel-electrolyte batteries
operated under PSOC conditions. Three types of PSOC cycles were used to evaluate these
batteries: the Advanced PSOC cycle from the previous study (50% to 53% SOC window), a
motive power/opportunity-charging cycle (35% to 65% SOC window), and a utility
frequency-regulation duty (30% to 80% SOC window). The gel-electrolyte batteries were
manufactured at Battery Energy South Pacific (BEPS) in Australia and cycle tested at
Electric Transportation Applications (ETA) in Phoenix, Arizona.
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Battery Build

A series of six different gel-electrolyte batteries containing various carbon additives were

manufactured at BEPS. The 4EG100 gel battery is a 2-cell, 4-V module built with the

variables described in Table 10 and Table 11. Carbon additives included commercially
available graphite, carbon black, and mesoporous activated carbon.

Table 10. Carbon Matrix for Battery Energy Gel Batteries

Carbon Avg. 0 ,
Battery . Color Loading Past_e Plate /9We|ght Voltage
Carbon Additive Density . Difference
Code Code % by (g/in%) Weight (grid = 547 V)
weight 9 (9) grid =547 9)
MWV-TS Carbon Black Orange 0.16 73 1495 100.00 1.906
MWV-A Activated Carbon  Yellow 1 74 1503 100.90 1.924
MWV-B Activated Carbon Red 2 73 1514 102.03 1.927
MWV-C Activated Carbon Blue 3 70 1460 96.30 1.932
MWV-D Graphite Green 1 73 1505 101.07 1.938
Standard Carbon Black White 1 73 1495 100.2 1.915

Table 11. Battery Product Specifications

Positive grid thickness 5.2 mm
Positive plate thickness 5.3 mm
Positive plate height 185 mm
Positive plate width 158 mm

Positive grid composition

Calcium 0.04 weight%
Sn 1.0 weight%

Number of positive plates per cell 2

Negative grid thickness 3.8 mm
Negative plate thickness 4.0 mm
Negative plate height 185 mm
Negative plate width 158 mm

Negative grid composition

Calcium 0.04 weight%
Sn 1.0 weight%

Number of negative plates per cell 3
Separator type Sintered PVC (Amersil)
Separator thickness 2.9 mm

Positive active material

VRLA oxide 80 weight%
Red lead 20 weight%

Acid density before formation

1.220 g/cm®

Acid density after formation

1.270 g/lcm?® (estimated)

Battery capacity (1-h rate nominal)

56 Ah (1.8 V/cell)
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Voltage in the table refers to the end-of-discharge voltage (EODV) for 20-A discharge for

3 hours and 20 minutes at 23 °C (standard BEPS end-of-line capacity test, nominal EODV is
1.9 V). This end-of-line testing shows a capacity improvement for the carbon additives
compared to the lower carbon black standard (MWV-TS). Note: A 50-mV difference is taken
as an 8% capacity difference; however, conclusions beyond the standard are less significant
due to operator error in this manual measurement. Additional capacity data from both JBI
and ETA appears in the next section.

Density is typically expected to decrease 20 to 25% at a 3%-by-weight activated carbon
loading—nhere the density only changed by approximately 5%. The difference may be related
to the use of roller mill mixing, which is not used domestically. This difference should be
investigated further to verify the role mixing equipment has in carbon’s effect on density.

Initial Capacity

Capacity tests were done at JBI (8-hour and 3-hour at 12 A and 25 A, respectively — with a
1.75-V cutoff) and at ETA (13-hour and 1-hour at 8 A and 56 A, respectively — with a 1.80-V
cutoff). As shown in Figure 17, there is conflicting evidence regarding the capacity trend
with increasing carbon loading. While the JBI tests favor low loading levels, the ETA results
suggest higher loadings give better capacity.
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Figure 17. Initial capacity of Battery Energy gel batteries.

This improved capacity, especially at lower rates (8-hour and below), is an interesting
prospect for telecommunications applications (which are required to maintain capacity at low
rates). Given the conflicting trends, however, further investigation is needed to determine
true performance.
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Advanced PSOC Cycling Results

To connect the cycling performance of these new gel samples to past experiments it was
decided to run them on the advanced PSOC schedule. The modified schedule (to fit the gel
batteries and equipment limitations) is shown below and the results are presented in the
figures that follow:

Q) DISCHARGE at 56 A t0 3.9 V (~ 50% SOC).

(i) REST for 10 seconds.

(ilf)  cHARGE at 100 A for 60 seconds; terminate test if voltage hits 5.83 V.

(iv)  ResT for 10 seconds.

(V) DISCHARGE at 100 A for 60 seconds; if battery temperature exceeds 50 °C,
suspend cycling until the temperature drops to 49.5 °C.

(vi)  REPEAT Steps (ii) through (v) until the voltage during Step (v) drops to 3.77 V;
PROCEED to Step (vii).

(vii)  REST for 10 seconds.

(viii) CHARGE at 100 A with a TOCV of 5 V until 1.667 Ah have been returned.

(ix)  REsT for 10 seconds.

(x) DISCHARGE at 100 A for 58 seconds; if battery temperature exceeds 50 °C,
suspend cycling until the temperature drops to 49.5 °C.

(xi)  REPEAT Steps (vii) through (x) 115 times (note, changing the discharge time from
60 to 58 seconds results in the SOC of the cell increasing by 15% over the
115 cycles); RETURN to Step (ii). After repeating Steps (ii) through (x) for a total
of two weeks, PROCEED to Step (Xii).

(xii) CHARGE at 15 A with a TOCV of 4.8 V for a total of 12 hours.
(xiil) DISCHARGE at 56 A t0 3.6 V.
(xiv) CHARGE at 15 A with a TOCV of 4.8 V for a total of 12 hours.

As shown in Figure 18, the performance under the advanced cycle of the MWV-A, -B, and
-C samples improved with increasing carbon content. MWV-C (3%) performed the best: it
had the least number of SOC corrections, took the longest to reach TOCV = 2.33, 2.5, and
2.66 V, and had the longest time before the first SOC correction. The 1% and 2% (MWV-A
and -B) also performed better than the remaining samples. The carbon black samples
(MWV-TS, and Standard) were the next best performers, while the worst was the graphite
sample (MWV-D).

Following the advanced screening, the batteries were given a standard recharge, a capacity
test, and a constant current equalization and retested for capacity (post-EQ capacity). As
shown in Table 12, the capacities for all samples increased significantly following
equalization — with the exception of MWV-D (graphite). It is clear that using appropriate
equalization protocol at significant points during cycling is crucial to obtaining the longest
possible battery life under PSOC conditions.
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Table 12. One-hour (-8 A) Capacity Trends During Advanced Cycling Protocol

Carbon Initial End Post-EQ %
Code Capacity Capacity Capacity Retained
MWV-TS 62.0 43.5 52.8 85.2
MWV-A 64.7 36.4 50.9 78.7
MWV-B 65.7 42.2 54.0 82.2
MWV-C 66.0 42.0 54.4 82.4
MWV-D 60.6 40.3 42.3 69.8
Standard 58.8 41.5 46.7 79.0
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Figure 18. Advanced PSOC cycling performance of Battery Energy gel batteries.
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Aker Wade Motive Power Cycling Results

Aker Wade, a company that supplies Enersys-based motive-power systems provided load and
recharge data from a typical operational forklift that employs opportunity charging. This
data, shown in Table 13 and Figure 19, was used to develop a simulated PSOC motive-power
profile that incorporates opportunity charging to serve as an additional performance metric
for the Battery Energy gel batteries. The modified schedule (scaled to the smaller 4-V
modules — operated as two 2-V replicates) is outlined below.

Table 13. Shift Schedule for Motive-power Profile
(based on 6-day work week)

Shift 1—5:00 a.m. to 1:00 pm

Break 1 (15 min.)
Break 2 (30 min.)
Break 3 (15 min.)

7:00 a.m. to 7:15 a.m.
9:00 a.m. to 9:30 a.m.
11:.00 a.m.to 11:15 a.m.

Shift 2—1:00 p.m. to 9:00 p.m.

Break 1 (15 min.)
Break 2 (30 min.)
Break 3 (15 min.)

3:00 p.m. to 3:15 p.m.
5:00 p.m. to 5:30 p.m.
7:00 p.m. to 7:15 p.m.

Shift 3—9:00 p.m. to 5:00 a.m.
Break 1 (15 min.) 11:00 p.m. to 11:15 p.m.
Break 2 (30 min.) 1:00 a.m. to 1:30 a.m.
Break 3 (15 min.) 3:00 a.m. to 3:15 a.m.

Customer:
Vehicle Battery Power Consumption Graph
Type: Volts: 36 Amps per Hour: 60 Graph Period: Day/Week
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Figure 19. Schematic representation of data from Aker Wade.
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Simulated Operating Schedule:

(i)
(i)
(iii)
(iv)
(V)
(vi)
(vii)
(viii)
(ix)
)
(xii)
(xiii)

Notes:

FIRST DISCHARGE—DISCHARGE 60 A for 2 hours (-120 Ah) with EODV of

1.75 Vlcell.

FIRST BREAK—CHARGE 425 A for 15 minutes (+106.25 Ah) with TOCV of

2.43 Vcell.

SECOND DISCHARGE—DISCHARGE 60 A for 1.75 hours (-105 Ah) with EODV of
1.75 Vcell.

SECOND BREAK—CHARGE 425 A for 30 minutes (+212.5 Ah) with TOCV of
2.43 V/cell.

THIRD DISCHARGE—DISCHARGE 60 A for 1.5 hours (-90 Ah) with EODV of
1.75 Vlcell.

THIRD BREAK—CHARGE 425 A for 15 minutes (+106.25 Ah) with TOCV of
2.43 V/cell.

FOURTH DISCHARGE—DISCHARGE 60 A for 1.65 hours (-105 Ah) with EODV of
1.75 Vcell.

REST—REST for 6 minutes.

REPEAT Steps (i) through (viii) 18 times (3 repeats represents one shift x 6 days)
to represent 6 days of PSOC duty.

CoOOL DOWN AND WEEKLY SOC MEASUREMENT USING OCV—REST for 5 hours.
WEEKLY EQUALIZATION—RECHARGE at 425 A for 10 hours with a TOCV of
2.43 V/cell.

REST AFTER WEEKLY EQUALIZATION—REST until total time is 168 hours

(7 days).

RESTART WEEKLY SCHEDULE—REPEAT Steps (i) through (xi) and reset timer to
zero.

e Three repeats of Steps (i) through (viii) represents one shift (i.e., 8 hours).

e Cycling is terminated when an EODV of 1.75 V/cell is reached during Steps (i), (iii),
(v), or (vii).

e The following parameters should be monitored/measured during testing:

o0 Voltage at the end of each step (including rests);
o0 Ah returned or removed during each step; and
o Time at TOCV for each charge step.

The capacity of the BEPS gel-electrolyte batteries (56 Ah, 1-hour rate) used in this study is
considerably smaller than the Aker Wade module (425 Ah, 1-hour rate; 850 Ah, 6-hour rate).
As Aker Wade based its charge rate on the 1-hour current (425 A), the equivalent current was
selected for the BEPS batteries (i.e., 56 A). A scaling factor of 0.13 (56/425 = 0.13) was then
used to calculate the discharge current of 7.9 A for the BEPS batteries. Also, the weekly
equalization process for the BEPS batteries involves a constant voltage charge, followed by a
constant current step, as well as two rest steps.
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The full profile for the BEPS batteries is as follows:
0] FIRST DISCHARGE—DISCHARGE 7.9 A for 2 hours (-15.8 Ah) with EODV of

1.75 Vlcell.

(i) FIRST BREAK—CHARGE 56 A for 15 minutes (+14 Ah nominal) with TOCV of
2.43 Vcell.

(ilf)  SECOND DISCHARGE—DISCHARGE 7.9 A for 1.75 hours (-13.83 Ah) with EODV
of 1.75 V/cell.

(iv)  SECOND BREAK—CHARGE 56 A for 30 minutes with TOCV of 2.43 V/cell
(+28 Ah nominal).
(V) THIRD DISCHARGE—DISCHARGE 7.9 A for 1.5 hours (-11.85 Ah) with EODV of

1.75 Vlcell.

(vi)  THIRD BREAK—CHARGE 56 A for 15 minutes (+14 Ah nominal) with TOCV of
2.43 V/cell.

(vii) FOURTH DISCHARGE—DISCHARGE 7.9 A 1.65 hours (-13.03 Ah) with EODV of
1.75 Vcell.

(viii) REST—REST for 6 minutes.

(ix)  RePeAT Steps (i) through (viii) 18 times (3 repeats represents one shift x 6 days)
to represent 6 days of PSOC duty.

(x)  CoOL DOWN AND WEEKLY STATE-OF-CHARGE MEASUREMENT USING OPEN-
CIRCUIT VOLTAGE—REST for 3 hours and 6 minutes.

(xi)  WEEKLY EQUALIZATION—RECHARGE at 15 A for 10 hours with a TOCV of
2.40 V/cell; then RECHARGE at 1.5 A for 4 hours with no TOCV limit.

(xil) REST AFTER WEEKLY EQUALIZATION—REST for 5 hours until total time is
168 hours (i.e., 7 days).

(xiil) RESTART WEEKLY SCHEDULE—REPEAT Steps (i) through (xii).

Notes:

e Each repeat of Steps (i) through (viii) represents one PSOC cycle (8 hours duration)
and results in 54.4 Ah of discharge.

e Each repeat of Steps (i) through (xii) represents one master cycle (1 week duration)
and results in 979 Ah of discharge.

Optimization of SOC window

The SOC window in which the batteries will operate depends on a number of parameters, but
the most important for these tests is the TOCV. TOCV determines how much energy can be
returned for a given charge current, given discharge current, and given time. If the TOCV is
lowered, less energy is returned during charge, and because the energy removed during each
PSOC cycle is always the same, a lower TOCV will lower the SOC window. The charging
efficiency of a particular battery can also have an effect on the SOC window. Given that the
charging efficiency of the larger (850-Ah) batteries should be lower than that of the BEPS
gel batteries, it was expected that the TOCV in these experiments would require optimization
so that the BEPS battery would operate in a similar SOC window to that of the 850-Ah units
at Aker Wade.
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Different TOCV limits (2.37, 2.40, and 2.43 V/cell) were evaluated on the orange and blue
batteries. A TOCV of 2.43 V/cell was found to operate the battery closest to the target SOC
window (i.e., 35% to 65%). This is the same limit as that used by Aker Wade, which is
surprising given that the larger batteries (850 Ah) will have lower charge efficiency than the
gel batteries operated in these experiments. This outcome suggests that Aker Wade may
actually be operating their battery systems at a lower SOC window than they predict based
on the data provided in Figure 19.

Results of Aker Wade cycling

The six gel-electrolyte batteries (4-V modules) were operated under the simulated Aker
Wade schedule. Voltage values were recorded at the end of both discharge and charge steps,
rest steps, and more frequently during the equalization process, and are shown in Figure 20
through Figure 25.

The overall voltage trends and behavior of the various units were very similar. It should be
noted that during initial operation, minor modifications were made to the TOCV for the
orange and blue modules to optimize the SOC window-the most suitable TOCV was found
to be 2.43 V/cell.

The EODVs decrease gradually during each weekly set of 18 PSOC cycles, starting at
approximately 4.10 V, and dropping to between 3.90 and 3.80 V, depending upon battery
type. This gradual decrease is a result of the profile removing more Ah from the batteries
during discharge than are returned during charge combined with the charging inefficiencies
of the batteries. Based on the voltage-time curves recorded during the three initial capacity
tests, the above EODVs correspond to the bottom of the SOC window-starting at
approximately 44% SOC (4.1 V) and gradually decreasing to approximately 30% SOC
(3.80 V) during the weekly 18 PSOC cycles. Given that the PSOC window is 27%, in reality
the batteries are cycling between 71 and 44% SOC at the start of each weekly cycle, and
between 57 and 30% SOC at the end of each weekly cycle—this operating range is close to
the SOC window estimated by Aker Wade (i.e., 62 -36%) and shown in Figure 19.

All batteries completed the scheduled 13 weeks of service, with each delivering 12,753 Ah
during this period. Based on a 1-hour capacity of 56 Ah, this is the equivalent of 228 cycles
to 100% DOD. The initial and final capacities of the batteries (discharged at 7.9 A to 1.8
V/cell) for all the units are given in Table 14. The capacity of the battery types decreased
slightly, except for the orange variant, which had a final capacity slightly higher than the
initial.

As mentioned above, the EODV of all battery types decreases gradually during each weekly
18 PSOC cycle set. This decrease was greatest for the blue battery (3%-by-weight activated
carbon) and lowest for the orange battery (0.17 %-by-weight carbon). Further, the voltage
attained during the final charging period of each 18 PSOC weekly cycles (i.e., just before the
weekly equalization charge) remained constant for the orange battery, but decreased
gradually for the others. The decrease in SOC associated with this decrease can be attributed
to two factors. First, the charge efficiency of the orange battery is known to be higher than
that of the others (as determined in previous cycling experiments)—this is supported by the
fact that the drift downwards in SOC during each 18 PSOC cycle increased with the carbon
concentration (i.e., the higher the carbon, the lower the PSOC cycle and the lower the
charging efficiency). Second, analysis of the data showed that the current at the end of a
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specific charge period when a TOCV limit had been activated, was higher for the orange
battery than the other types and, as a result, this unit recorded a higher charge return. In
summary, however, all battery types easily supported the required duty and performed well
under the combined fast-charge/PSOC motive power duty.
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Figure 20. Voltage of yellow battery operated under Aker Wade schedule.
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Figure 21. Voltage of red battery operated under Aker Wade schedule.
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Figure 22. Voltage of blue battery operated under Aker Wade schedule.
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Figure 23. Voltage of orange battery operated under Aker Wade schedule.
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Figure 24. Voltage of white battery operated under Aker Wade schedule.
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Figure 25. Voltage of green battery operated under Aker Wade schedule.
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Table 14. Module Capacity (7.9 A discharge to 1.8 V/cell)
Before/After Aker Wade Cycling

Carbon Initial Final 0
Dezitrtiert)i/on Dei?t:gt)i/on C_?rbc;n loading capacity - capacity Reta/ioned
P 9 yP (weight %)  (Ah) (Ah)

92.4 91.8 99%
MWV-A Yellow MWV-A 1 94.9 929 98%
105.4 97.6 93%
MWV-B Red MWV-A 2 103.9 98.3 95%
109.3 102.3 94%
MWV-C Blue MWV-A 3 106.9 101.8 95%
106.8 101.7 95%
109.5 105.3 96%
MWV-D Green Graphite 1 108.3 106.5 98%
108.3 107.1 99%
BEPS Carbon 99.7 103.5 104%
Standard Orange black A 0.17 100.2 104.0 104%
(up to 2006) 101.0 104.7 104%
BEPS Carbon 104.1 100.1 96%
Standard White black B 1 102.8 101.8 99%
(after 2006) 102.9 102.7 100%

Another important factor to consider is the level of overcharge required to maintain the
batteries in good condition while operating under longer term PSOC duty. The level of
overcharge delivered during each week of operation (i.e., between each full, conditioning
charge) has been calculated by simply summing the total Ahs delivered and accepted by the
batteries during each master cycle/week of duty. The value for all battery types was 101.0 to
01.5%. This would normally be considered acceptable for PSOC duty, but the gradual drift
downwards in the EODV of all batteries except the orange unit, suggest that higher values
may be appropriate. Also, as the batteries age, overcharge may need to be increased due to
water loss and a related decrease in charging efficiency.

The temperature of the batteries during cycling is also of interest as excessive heating during
the fast-charging components of the profile can shorten battery life. The temperature of all
the batteries during cycling was similar, and is shown for the blue battery in Figure 26. It can
be seen that temperature does not rise significantly above ambient (23 °C) until the fast-
charging steps, during which time it rises to approximately 28 °C. This rise in temperature is
considered minimal. Nevertheless, it should be noted that actual battery packs used in motive
power applications comprise up to 24 larger cells, compressed together in a container.
Consequently, the insulating effect of the pack and the higher internal resistance of the larger
cell will result in cell temperatures in the field that are considerably higher than those
observed in this study.
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Figure 26. Temperature of the blue battery operated under Aker Wade schedule.

In summary, the performance of all battery types under the Aker Wade schedule was good,
with that of the orange battery being especially encouraging. The results suggest that this gel
technology is potentially well suited to combined fast-charge/PSOC motive power duty. The
addition of extra carbon, however, does not seem to provide any performance benefits, at
least not during the test time employed in these experiments.

Utility Frequency Regulation Profile and Cycling

A profile for simulating utility frequency regulation duty (Figure 27) was developed for
batteries with a 1C capacity of 56 Ah (taken as the nominal capacity of the BEPS batteries).
The profile was based on data obtained by Charles Koontz (see Figure 28) at WPS for a
12-hour schedule comprising constant current charges and discharges. The profile involves
operating the battery between 30 to 80% SOC for a week, after which time it is given a full
equalization charge. The charge and discharge currents are between 0.3C and 0.8C, with the
profile designed to both source and sink current from the mains as required.
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Figure 27. Two repeats of the 12-hour profile developed to simulate utilities frequency
regulation duty.
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Figure 28. Data from a utility application (24-hour period) supplied by Charles Koontz.

In a previous project, a standard AGM battery from NorthStar and two high-carbon AGM
equivalents were operated under the simulated utility profile. The voltage response of the
best performing unit (the standard battery) is shown in Figure 29 (note, 12-V units were
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cycled, but the voltage given is based on two cells to allow an easy comparison with the 4-V
gel modules). The battery was unable to supply the required load after just 10 weeks of
service at which time the battery capacity dropped to less than 40% of its initial value.
Consequently, this AGM technology, in its current state of development, is not considered
suitable for this type of duty.

Selected gel-electrolyte batteries tested under the Aker Wade cycle were then tested under
the simulated utility schedule. The orange and the blue batteries that had already completed
3 months of service under the Aker Wade schedule (see above) were operated under the
simulated utility schedule for an additional 13 weeks, and the results, in terms of the voltage
response, are shown in Figure 30 and Figure 31.

The batteries delivered a total of 20,073 Ah during the 13 weeks of service. In terms of the
lifetime Ah delivered, this equates to 358 cycles to 100% DOD, based on a 1-hour capacity
of 56 Ah. If the lifetime Ah delivered during the initial Aker Wade duty are added to this
(228, 100% DOD cycle equivalent Ah), the batteries have completed the equivalent of

586 cycles to 100% DOD.

The capacity of the orange battery at the end of the second 3-month test period (six months
total) was the same as the initial value, which is an excellent result (see Table 15). The blue
module, however, did not perform quite as well and its final capacity was some 10% less
than the initial value. While it is difficult to predict a lifetime when there has been no
capacity loss (and, therefore no capacity trend available), the fact that the final capacity of
the orange battery was the same as the initial, and that the voltage characteristics of this unit
were stable during the entire six months, leaves us confident that a minimum of two to three
years of continuous service should be available.

Table 15. Module Capacity (7.9 A discharge to 1.8 V/cell)
After Both Aker Wade and Utility Cycling

Capacity

Carbon Initial after Cag;?:rlty %
Battery Battery Carbon : ) Aker e Retained
2 ; 4 Loading Capacity Utility
Description Designation  Type (weight %) (Ah) Wade Cvelin after all
9 Cycling )(/Ah)g cycling
(Ah)
109.3 102.3 o
MWV-C Blue MWV-A 3 106.9 101.8 ggg g;ojo
106.8 101.7 ' °
BEPS
Carbon 99.7 103.5 101.0 101%
standard Orange  packa 017 1002 1040 1030  103%

(up to 2006)
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Figure 29. Performance of standard AGM battery under simulated utility duty.
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Figure 30. Performance of orange BEPS gel battery (0.17-weight% carbon) under
simulated utility duty.
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Figure 31. Performance of blue BEPS gel battery (3-weight % MWV carbon) under
simulated utility duty.

Additional Cycle Testing at Sandia National Laboratories

Additional cycle testing was completed by Tom Hund at SNL using the utility cycle on three
batteries from NorthStar’s December 2006 build and five gel batteries from the Battery
Energy trial. None of the batteries tested showed any significant performance improvements
in cycle life with carbon addition. Test results are summarized below and in Table 16
(provided by Tom Hund of SNL).

SNL developed a test procedure with support from Mead-Westvaco to evaluate utility PSOC
pulsed cycling. It was intended to simulate the charge/discharge pulsed environment required
for short, high-power charge and discharge environments. In many utility applications the
battery is required to both sink and source power. In Figure 32 are actual utility data obtained
from Charles Koontz of WPS Energy Services, Inc. showing the magnitude and duration of
the power pulses required to support a utility application. In general, the pulse durations are
6 minutes long. The utility PSOC charge and discharge pulses chosen for this test are

6 minutes long at discharge rates of 1C; at a constant DOD of 10%. The goal of this testing is
to evaluate PSOC pulsed cycling, cell stability, efficiency, power performance, thermal
management, and charge management strategies.
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Figure 32. Typical Utility Energy Pulses (Charles Koontz, WPS).

Previous experience has demonstrated that normal VRLA battery technology will tolerate
about 100 PSOC cycles before requiring a recovery charge and discharge. In addition to
sulfation caused by the PSOC cycle, most VRLA batteries will suffer constant capacity fade
after each recovery cycle. To date, the high-performance VRLA batteries and some devices
using the carbon additions to the negative electrode will cycle in excess of 1,000 PSOC
cycles without excessive sulfation or capacity loss. A goal of this project is to design a large-
format VRLA battery that can PSOC cycle without capacity fade.

Table 16 summarizes SNL’s test results. The results indicate that in some cases the gassing
current was very high and the utility PSOC cycle test did not show significant improvement
in the ability of the battery to PSOC cycle. The batteries demonstrated significant voltage
increases during PSOC cycling, indicating negative plate sulfation similar to the standard
products produced by the two battery manufacturers (see Figure 33 through Figure 38).
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Table 16. Summary of Test Results

Manufacturer

Gassing Current

Comments: Utility PSOC Cycling

at 245V

NSB Run 3 0.2 A at 25C iny able to PSOC _cycle to 80 cycles before
high voltage. Capacity fading quickly.

NSB Run 7 0.1 A at 25C iny able to PSOC _cycle to 88 cycles before
high voltage. Capacity fading.

NSB Run 22 11 A at 45C Not tested because of high temperatures on
charge.

Battery Energy Green 10.6 A at 30C O_nly able to PSOC t_:yc_le to 62. cycles before
high voltage. Capacity increasing.

Battery Energy vellow 1.0 A at 23C iny able to PSOC_ cyc_le to 95_ cycles before
high voltage. Capaicty increasing.

Battery Energy Blue 4.2 A at 25C iny able to PSOC t_:yc_le to 95_ cycles before
high voltage. Capacity increasing.
Only able to PSOC cycle to 100 cycles

Battery Energy Orange 18 Aat25C before high voltage. Capacity increasing.

Battery Energy White NA NA

MWV/NorthStar #276 (Run #3) Utility Cycle PSOC Cycle Life

15.00

100 Cycles 1C 6M, 30A Chr/Dch
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Figure 33. NorthStar Run 3 Battery from December 2006 build.
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Figure 34. NorthStar Run 7 from December 2006 build.
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Figure 35. Battery Energy green battery (1% graphite).
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Figure 36. Battery Energy yellow battery (1% activated carbon).
Battery Energy #221 (Blue) Utility Cycle PSOC Life
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Figure 37. Battery Energy blue battery (3% activated carbon).
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Battery Energy #236 (Orange) Utility Cycle PSOC Life
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Figure 38. Battery Energy orange battery (0.17% carbon black, standard).
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PHASE III—UTILITY APPLICATION AND DESIGN

Don Karner at ETA prepared a design and cost forecast for a 1-MW/1-MWh UFR that uses
battery energy storage. He completed the design assuming the use of gel batteries as the
energy storage technology based on the results from the cycling studies above. Based on the
utility cycling results, the Battery Energy STD 1 gel battery should provide a minimum of
two to three years of continuous service at the assumed regulator power to energy ratio. The
capital cost estimates for the UFR are $3,728,000 total recurring cost and $439,200 non-
recurring costs. The suggested next steps from this design work and cost estimate is estimate
the revenue that could be made with the UFR, optimize the power-to-energy ratio, and adjust
the design accordingly so that the economic analysis can be completed. The complete final
report written by Don Karner is included as an Appendix.
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