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ABSTRACT

This final report for Task 1: Assessment of Recycling Technology provides an assessment
of current electric vehicle (EV) battery recycling technology for the California Air Resources Board
(CARB) and CalStart. As a result of CARB’s requirements for the sale of zero-emissions vehicles
(ZEVs) beginning in 1998, it projected that California’s on-road fleet of EVs will increase
significantly between the years of 1998 and 2003. The purpose of the Task 1 effort was to examine
approximately ten different candidate EV battery technologies based on their performance and
recyclability and to develop a ranking of the batteries based on these examinations. The batteries
evaluated were lead-acid (all types), nickel-cadmjum, nickel-iron, nickel-metal hydride, sodium-
sulfur, sodium-nickel chloride, lithium-iron disulfide, lithium-ion, lithium polymer, and zinc batteries
(zinc-air and zinc-bromine). The results of Task | will assist in determining where efforts should
be focused in establishing new recycling facilities Fmd developing cleaner technologies. Presently
recycling facilities for lead-acid batteries are located in California. A nickel-containing battery
recycler exists in Pennsylvania, but additional capagity will probably be required for these batteries.
Minimal capacity exists to accommodate zinc-air ?nd various lithium batteries. A facility located
in British Columbia, Canada recycles lithium batteries. However, additional facilities will almost
assuredly be necessary if lithium batteries are used extensively in EVs. A market assessment was
performed to find what markets exist, if any, for the recycled products. This assessment also helped
to determine if it would be feasible for recycling eﬁforts to rely on the sale of the product to sustain
themselves, or if a battery deposit would be nezt:essary to subsidize the process. The value of
materials from recycled batteries is not stable enough to fully support recycling efforts. Therefore,
we recommend that a deposit of $100 to $150 should be levied on light-duty vehicle batteries to
ensure that these batteries are returned for recycling. All of the batteries under study exhibit the
characteristic of hazardous waste in California, and are therefore subject to strict regulations, but
this status could change with the finalization of a new EPA rule, the Universal Waste Rule. In the
final ranking of the batteries’ performance and recyclability, lithium-ion batteries are rated highly
for performance, but score only average in terms of recyclability, since only one facility currently
recycles this battery and the recycling products may flood the market. Similarly, lithium-polymer
batteries are rated very well for performance but poorly for recyclability, since large EV sizes of this
battery are not even produced yet, let alone recycled. Lead-acid batteries are rated the highest for
recyclability but are ranked poorly on performance. Nickel-metal hydride batteries are rated with
moderately high marks for both performance and recyclability. 1t should be noted that the rankings
and scores generated in this report are intended for comparative and qualitative use only. The
assessment methodology used in this report is based on current technology and the limited data that
is available. Task 2 (Assessment of Health Impacts) for this study will provide an overall
assessment of health and hazard impacts of deploying each battery type. The analysis will result
in a ranking of the batteries will account for toxic and hazard attributes associated with each
battery’s potential recycle and disposal chain. |
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SECTION 1

INTRODUCTION

emissions of its on-road vehicle fleet. The California Air Resources Board’s (CARB’s) Low
Emission Vehicle Rules will decrease emissions through the phased introduction of vehicles meeting
increasingly stringent exhaust emission standards. In particular, the required introduction of zero-
emission vehicles in 1998 will begin an important shift in both the vehicle emissions inventory and
in the new vehicle choices afforded Californians. Yet these emission reductions will not arrive
without raising other environmental, economic, and social issues. Battery-powered electric vehicles,
currently the only technology envisioned to meet the zero-emission requirements, appear to force
a number of tradeoffs in order to attain low vehicle emissions. Some of these tradeoffs involve
vehicle characteristics, such as range, size, and economics. Volume 2 of this study also evaluates
the environmental effects and human health hazards associated with widespread use of rechargeable
battery technologies.

California’s ability to meet its air quality :anls depends on its ability to lower the exhaust

Of course, rechargeable batteries have been in widespread vehicle use for many decades.
The conventional lead-acid battery present in vehicles today is one of the technologies which may
be adopted for electric vehicles. Why, then, does the advent of electric vehicles raise seemingly new
questions about the efficacy of rechargeable bat eries? For several reasons: first, all batteries
capable of powering a car contain hazardous consjtuents, and careless disposal would release these
constituents into the environment. Second, the existing battery recycling infrastructure — including
lead-acid battery recycling — may not accommod ite the batteries powering these vehicles, due to
volume, technology, or market constraints. Furthermore, an electric vehicle will use many more
batteries than a conventional vehicle, through bot’&n the number of batteries necessary to power it,
and the number of times the batteries will need to be replaced. Finally, it is difficult to predict
which battery technology or technologies are going to be successful in the electric vehicle
marketplace, leaving a great deal of uncertainty regarding what sorts of new environmental and
economic forces will be brought to bear in only a few years. For all these reasons, the impact of
electric vehicle battery waste on the environment is a major concern.

California is in the advantageous position of knowing precisely when these vehicles will enter
the marketplace, and in approximately what numbers. Therefore the state can pave the way for
electric vehicles, facilitating the recycling procfss and infrastructure through legislative and
regulatory means, if necessary. The state can also encourage technology development toward those
batteries likely to be beneficial in performance, cbst, and environmental dimensions. This report
will provide the information basis which will allow the Air Resources Board to ensure that electric
vehicles remain a critical step in its efforts to improve California’s environment.






SECTION 2

TASK 1: ASSESSMENT OF RFCY CLING TECHNOLOGY
{

Because no single type of battery has been agreed upon by electric vehicle developers as
“optimal,” several potentially viable batteries are (furrently in developmental stages ranging from
commercial to advanced research. Several types of advanced lead-acid batteries are currently being
developed, such as the sealed bipolar lead-acid battery (SBLA). By 1998, the SBLA battery has the
potential for achieving a moderate energy and high power density (55 Wh/kg at 80% depth of

|

discharge (DOD) and more than 1 kW/kg for mare than 1,000 cycles), and a lifetime of 5 to 10
years. Batteries used commercially for other purposes, such as nickel-metal hydride batteries, may
be adapted for vehicle use, and entirely new batteries, such as the lithium polymer, are being
researched for vehicular purposes. Table 1 lists tht specifications for batteries being examined for
electric vehicles. In this assessment, approximately ten battery types will be studied in detail,
including lead-acid (all types), nickel-cadmium (Iw‘&iCd), nickel-iron (NiFe), nickel-metal hydride
(NiMH), sodium-sulfur (NaS), sodium-nickel chloride (Na-NiCl,), lithium-iron disulfide (LiFeS,),
lithium ion (Li-ion), lithium-polymer (Li-polymer) and zinc batteries (Zn-air and Zn-Br).

The United States Advanced Battery Consortium (USABC) defines near term as 1993-1997,
mid term as 1998 to early 2000s, and long term as after the early 2000s. USABC funds batteries
based on their potential to meet goals defined for each of these time periods. However, for
purposes of this study of recycling impact, near term is defined as 2000, mid term as 2005, and long
term as 2010, to allow for actual battery introduction and use.

While the California Air Resources Board (CARB) Zero Emission Vehicle (ZEV) mandate
requires the introduction of zero emission vehicles from the seven largest manufacturers beginning
in 1998, they have also established a credit system which allows for ZEV credits to be generated
for either excess or early vehicle introduction. Credits generated as early as 1993 hold their full
value and are not discounted until the year 2000. Mandated manufacturers are likely to phase into
the market or purchase credits from early market vehicle manufacturers. It is generally expected
that advanced lead-acid batteries will predominate in certified ZEVs introduced before 1998.

Beginning in 1998, batteries are likely to include advanced lead-acid and nickel-metal
hydride. NiCds will also be available during this time period. By 2000, available battery types could
also include sodium-nickel chloride and sodium-suylfur. Electric vehicle (EV) batteries that look
promising for 2003 and beyond include lithium-ion, improved nickel-metal hydride, and potentially
lithium polymer.

2.1 CANDIDATE BATTERY TECHNOLOGIES FOR ELECTRIC VEHICLES
2.1.1 Lead-Acid Batteries

Traditional liquid electrolyte lead-acid batteries have been in use since the 1850s and are
fast becoming a technology of the past. Lead-acid batteries produced for conventional starting,

3.
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lighting, and ignition (SLI) applications are now ayailable in sealed maintenance-free versions that
now dominate the market. As noted by the CARB, improved lead-acid batteries in conventional
ignition applications have increased energy density 25 percent and battery life 500 percent over the
past three years [10]. Lead content has also been reduced over time. When considered for electric
vehicle application, however, these flooded traction lead-acid batteries present numerous
disadvantages. They are heavy and have low enerLy densities, they require frequent watering, they
generate gases when recharging, and they contain electrolyte in a liquid form.

The lead-acid battery in the deep cycle marine battery configuration has been the battery
of choice for most EV enthusiasts, providing a rahge of 40 to 50 miles in a converted vehicle at 2
reasonable cost.

2.12 Tubular Lead-Acid Batteries

Some conventional lead-acid batteries are constructed with a tubular plate design. The
batteries are composed of rows of porous tubes, with long coaxial lead-alloy spines, which are fixed
to a header bar. The tubes are made of woven or braided fiberglass sheaths and filled with paste
slurry. The tubes are capped at the open end with a plastic plug. Tubular plate technology has the
advantage of having greater surface area and more acid than flat plate batteries, which results in
a higher energy density and a more efficient use f active material. Advances in tubular lead-acid
technology have been made by decreasing the diameters of the spines and the sheaths, which allows
for more tubes per plate. This has increased the energy density and nearly doubled the driving [1,
11].

Tubular lead-acid modules have been manufactured by Chloride Electric Vehicles Systems
Ltd. Although the modules have a relatively high cycle life (1,000 cycles), they fall below the
USABC mid-term goals in most respects, exhibiting poor energy efficiency (68%), low specific
energy (33 Wh/kg), low peak power (91 W/kg), and a long recharge time [12].

2.13 Advanced Sealed Lead-Acid Batteries

Sealed lead-acid batteries have been in production for almost two decades. They employ
traditional lead-acid chemistry and do not require watering. In sealed batteries, gases from charging
and discharging recombine with chemicals in the battery, eliminating free electrolyte and significant
dry gases resulting from overcharge. Valve-regulated sealed lead-acid (VRLA) batteries offer
increased safety, power and life over flooded batteries, which contain excess electrolyte to reduce
the need for maintenance and frequent watering. They are maintenance-free, are lighter weight,
and are usable in any position [13, 14]. ’

With the advent of the EV market, lead-acid battery manufacturers are aggressively pursuing
improvements in their products. For example, GNB, a national manufacturer and recycler of lead-
acid batteries, claims a 25 percent improvement in specific energy and a 50 percent improvement
in battery life since 1990. The Optima battery has shown particular promise in an EV conversion
developed by Alan Cocconi, achieving close to a 1100-mile range in both urban and highway drive
cycles. The Optima employs a cylindrical design and a lead paste and has a relatively low cost of
about $1,500 per battery pack (for 28 12-volt batteries). GNB, Optima, Delco Remy, Exide, Trojan,
Sonnenschein, and Gates Energy Products, amonhg others, are actively participating in lead-acid
battery development for EV applications [10, 14].

Lead-acid batteries are well-regulated apd have an established recycling infrastructure,
aliowing manufacturers of advanced lead-acid batteries to move forward with manufacturing.
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2.14 Quasi-Bipolar Lead-Acid Batteries

Quasi-or Semi- bipolar refers to the particular construction and design of the lead-acid
battery. This design employs lead plates, stacked in pairs, alternating positive and negative
polarities, with each pair separated by a glass mat. Each set of pairs constitutes a “module” that
can be interconnected to provide the desired voltage capacity for the battery pack. Electrosource,
Incorporated (ELSI), based in Texas, has been developing a quasi-bipolar battery which includes
a lightweight mesh grid woven with a fiberglass and lead “yarn”, pressed into a plate to become
the battery storage element. The term “bipolar” refers to the design of the lead plates, which
contain both the positive and negative electrodes on a single plate. This advanced lead-acid
configuration offers increased power and energy, a maintenance-free extended cycle life, and the
relatively low cost of a lead-acid battery [13, 15, 16].

Another advantage of this configuration is a shorter recharging time. Conventional lead-acid
batteries require about 4 to 6 hours for a full charge (from 80% depth of discharge, 220 volt
charge). Electrosource claims their quasi-bipolar battery can recharge to half capacity in 8 minutes
and take a full charge in half an hour.

This battery is in pilot production in Texas and is currently being evaluated in vehicles. It
is likely to be available in the near-term. If produced in large volumes, it will likely be cost
competitive with existing lead-acid technology both in vehicles and other conventional applications
[17].

2.1.5 Sealed Bipolar Lead-Acid Batteries

Bipolar lead-acid technology has been in development for several years as a secondary
battery in several applications, including EVs. The bipolar design incorporates short lengths of glass
fibers in the positive active material with a coating of stannic oxide to create conductivity. Both
positive and negative electrodes are placed on the same plate, reducing travel distance for the
electric current.

SBLA batteries have been tested successfully at the multi-cell level (Arias Research has
tested several 12 V modules in the laboratory), but full-size battery packs are not yet available for
testing in the laboratory or in vehicles. While SBLA batteries fall short of meeting the USABC
mid-term goals for specific energy, they have the advantage of maintaining high power density even
at a low state of charge. This advantage would result in an increase in range for EVs over
conventional lead-acid batteries by ensuring good acceleration/performance even at low states of
charge. SBLA batteries also promise a long cycle life, and, in laboratory tests, have demonstrated
close to 1,500 cycles measured at the cell level.

SBLA batteries are smaller and lighter, with higher energy and power density than
conventional batteries. However, their pressurized plate construction has presented manufacturing
challenges that are currently being addressed but have not yet been resolved. When available, they
will offer a long cycle life at low cost without maintenance [10, 14, 15].

Several companies have been developing the original battery concept that originated at the

Jet Propulsion Laboratory. Arias Research, Pinnacle Research, Johnson Controls, and Trojan
Battery Company, among others, are developers of the bipolar lead-acid battery technology [15].
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2.1.6 Nickel-Cadmium Batteries

Nickel-cadmium batteries are used widely in electronics applications. They operate at
ambient temperatures and demonstrate greater power and energy density than lead-acid batteries.
Their most appealing feature for use in electric vehicles is their longer cycle and calendar life. To
date, the non-sealed version of the NiCd battery, which requires watering, has delivered the best
performance. Currently, SAFT, a major NiCd battery manufacturer located in France, is
demonstrating a sealed version of the NiCd battery which shows promise of reaching full
performance [10]. However, thus far their high cozt has prevented their wide scale use in vehicles
[18].

Older NiCd batteries, which had sintered nickel electrodes, required a 20 to 30 percent
overcharge to achieve a full state of charge, and have encountered problems with a “memory
effect.” When subject to frequent short discharges, they would “forget” their full energy capability
and would require reconditioning to recover. They often required frequent watering and as much
as 30% overcharge in order to be fully charged. New plastic bonded nickel electrodes do not exhibit
this problem and can be deeply or partially discharged without adverse effects.

I

While NiCds are popular in other countries, they have had limited success in the U.S. In
one of the most comprehensive demonstrations of EVs and infrastructure in New Rochelle, France,
NiCds have been the battery of choice. In Japan, NiCds have been the prunary battery used in
demonstration vehicles. In general, NiCds are more appealing in countries with high gasoline
prices. However, in the United States, two factors have diminished the potential for the role of
NiCds in a large EV market. The cost of NiCds compares unfavorably with relatively inexpensive
gasoline, and there is a general reluctance to commit to an increase in cadmium use, however well-
managed. Furthermore, while the high cost of NiCds is balanced by a long life, it adds substantially
to the initial cost of the EV, exacerbating an existing market barrier [19].

SAFT, ACME, and Japan Storage Battery are the major world producers of NiCds. SAFT
is pursuing the EV market for their batteries, and is already manufacturing purpose-built EV
battery monoblocks for test vehicle fleets in France [20].

2.1.7 Nickel-Iron Batteries

Nickel-iron batteries have been used widely in vehicle applications. They require periodic
watering which has become a disadvantage in today’s competitive battery market. NiFe batteries
also produce more gas when charging than an unsealed lead-acid battery, creating safety issues for
charging in enclosed spaces. Moreover, NiFe batteries require a 30 to 40 percent overcharge to
achieve a full charge, resulting in a very poor efficiency rating. NiFe batteries are resilient when
overcharged or discharged and can withstand demanding duty cycles. Their weight makes NiFe
batteries more suitable for medium- and heavy-duty vehicles [10, 15, 21, 22].

NiFe batteries operate at ambient temperatures and provide a higher specific energy and
longer life than lead-acid batteries. While they have a comparatively high initial cost, they could
be cost competitive on a life-cycle basis [22].

There have been recent and concerted efforts to develop a nickel-iron battery for EVs.
EPRI, Edgle Picher and the U.S. Depdrtment of Energy have sponsored programs to develop a
sealed version of this batlery for use in electric vehicles, but they have not experienced sustained
success. Westinghouse is also developing a version of this battery [22].



2.1.8 Nickel-Metal Hydride Batteries

Nickel-metal hydride batteries have been in use since 1970 in electronics applications
including computers and cameras. Now in test vehicles with major auto makers and EV upgraders,
they have the advantage of high specific energy and long cycle life. An important feature of nickel-
metal hydride batteries is that they can be fully discharged with very little impact on battery life.
They operate at ambient temperature and do not require maintenance [23].

Nickel-metal hydride batteries are being developed by SAFT, Ovonics, and Panasonic
(Japan). Both SAFT and Ovonics batteries are being funded by the USABC and share similar
contents: nickel, nickel hydroxide, chromium, vanadium, titanium, zirconium, potassium hydroxide,
manganese, and hydrogen. Ovonics has signed an agreement with General Motors for the purpose
of producing their batteries in the near term [24, 25].

CARB's recent tests of a converted vehicle with nickel-metal hydride batteries indicate
dramatic improvements in range and performance over lead-acid batteries. In a converted gasoline
vehicle, the range is extended to over 140 miles, combining both highway and urban driving cycles.
In a purpose-built vehicle, unofficial tests indicate a range in excess of 200 miles [26].

2.1.9 Sodium-Sulfur Batteries

Sodium-sulfur batteries have been in development for over 25 years. Ford Motor Company
was the initial developer of this battery in the 1960’s and 70’s. Silent Power (UK), Asea Brown
Boveri (Germany), Powerplex Technologies, Incorporated (Canada) and Yuasa Battery Company
(Japan) have recently developed this technology. Asea Brown Boveri (ABB) recently discontinued
funding for their sodium-sulfur battery development. However, the USABC is currently funding
Silent Power’s further development of the sodium-sulfur battery, in addition to conducting a
production plant feasibility study [15, 27].

Sodium-sulfur batteries offer increased energy when compared to conventional Pb-acid
batteries, considered an advantage because energy corresponds to vehicle range. Sodium-sulfur
batteries employ molten sodium as the negative electrode, sulfur-sodium polysulfide as the positive
electrode and a solid sodium plus ion-conducting electrolyte. Because the batteries operate at very
high temperatures (300-350°C) battery developers have designed a thermal management system that
encases the battery so that it does not feel hot to the touch. However, the existing thermal
management system takes up 40 percent of the battery packOs mass. When not in use for extended
periods of time (i.e, several hours or more), the battery must be plugged in to maintain an
adequate level of heat. If the battery temperature drops too far, the battery “freezes”, and
permanent damage can result. The temperature requirements of the battery will demand readily
available infrastructure for “plugging in* when parked as well as continuous energy at low levels
to maintain heat [16, 28].

Sodijum-sulfur batteries have a potentially high cycle life but only about a three-year proven
calendar life, and they are expensive relative to lead-acid batteries. It is for these reasons that they
have been considered for high mileage, high use fleet applications. Frequent use and cycling could
make this battery economical [22, 28].

Sodium-sulfur batteries are currently being demonstrated in vehicles. Over 20 cars and vans
have been operated using these batteries over the last five years in Germany and Canada. In 1994,
Ford introduced about 70 Ecostar vans into delivery application demonstrations throughout the U.S.
Although there have been isolated incidents of non-injury battery fires with at least two of these test
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vehicles, the vehicles have performed well [28, 291](-; Ford has since upgraded the battery control
software and incorporated hardware changes to prevent battery fires in the future.
1

2.1.10 Sodium-Nickel Chloride Batteries

Like sodium-sulfur batteries, the sodium-nickel chloride battery is a high temperature
battery. The sodium-nickel chloride battery depends on a relatively lower temperature, 250-300°C,
for conductivity. AEG (Germany) and Beta Research and Development (UK) are developing this
battery for use in EVs. Sodium-nickel-chloride batteries have higher energy density to provide
increased range, but they have somewhat limited power density at low states of charge, impeding
acceleration [15, 30]. Continuing work in the aria of power density indicates the potential for
improvement.

This thermal technology employs sodium as the negative electrode, nickel chloride as the
positive electrode, and a beta alumina solid electrolyte with a molten sodium tetra-chloro-alumina
secondary electrolyte. It differs from sodium-sulfur in its tolerance of heat loss. The sodium-nickel-
chloride battery can be left unplugged for extended periods of time without incurring damage but
must be heated to operating temperature before driving is resumed [10, 31].

Materials for this battery could potentially be available at a low cost, depending on
economies of scale. AEG is currently producing the battery in a pilot plant in Germany, and
Mercedes-Benz has been testing this battery in their electric vehicles. According to AEG, early
demonstrations have shown a calendar life of five years or 50,000 miles, and a cycle life exceeding
1,000 cycles. AEG has stated their intention to provide batteries to the EV market as soon as
feasible [23]. !

2.1.11 Lithium-Metal Disulfide Batteries

Lithium-metal disulfide batteries also operate at high temperatures of 400 to 450°C. They
are currently in use in lawnmower applications. The metal electrode is either aluminum disulfide
or iron-disulfide; the second electrode is lithium. This battery has the advantage of storing more
energy in less space, resulting in a size of only one-third to one-fifth the size of lead-acid batteries,
while providing comparable energy [14, 15].

With its high energy, lithium-metal disulfide batteries promise range comparable to gasoline
vehicles. However, full size batteries have not yet been constructed and issues of component cost,
sensitivity to over-charge and deep discharge, and the impact of corrosion on cycle and calendar life
remain.

Battery design for the disulfide system originated at Argonne National Laboratory (ANL)
as a monosulfide battery using a porous magnesium oxide or boron nitride separator and a
potassium and lithium chloride electrolyte. Research is currently continuing at ANL. In the U.S,,
SAFT America has a contract with USABC to develop a lithium-iron-disulfide bipolar version to
meet their long term battery goals, and Westinghduse also has a continuing program [10, 27].

In Japan, the Ministry of International Trade and Industry (MITI) is funding the Lithium
Battery Energy Storage Technology Research Association to develop lithium battery technologies.
The Association will receive about $150 million fot a ten-year research and development program
5. 10. 24, 32].



2.1.12 Lithium-Ion Batteries

Recent developments in lithium battery technology coupled with the commercial success of
Sony’s lithium-ion secondary cell have re-energized interest in the potential of this battery to power
electric vehicies. Every major battery company in the U.S., Asia and Europe, as well as suppliers
for anode and cathode materials, are working on lithium-ion technology, an indication of the
excitement about this battery’s potential.

In the lithium-ion battery, metallic lithium is replaced with a lithium-ion cell using a carbon
intercalation anode with a lithium cobalt oxide cathode. This “Rocking Chair” cell is considered
to be safer and to have a longer cycle life than lithium metal combinations. As well as promising
a higher level of consumer safety, lithium-ion batteries are good candidates for rapid recharging and
have shown a life of over 1,000 cycles in laboratory tests, with a predicted calendar of at least 5
years. To assure long life and safety, multi-cell applications will require a sophisticated battery
management system to control charge and discharge.

Initial cost projections for lithium-ion are estimated at two times the cost of nickel-metal
hydride and four times the cost of nickel-cadmium due to the cost of the cathode materials.
Development on alternative cathode materials is occurring at a rapid pace in an attempt to meet
this cost challenge with less costly materials [5, 10, 24, 32, 33].

2.1.13 Lithium Polymer Batteries

Lithium polymer batteries, still in the development stage, show promise for high
performance and low cost. Lithium polymer batteries operate at ambient temperatures, but they
generate heat during charging and discharging. Developers are challenged to find a way to dissipate
this heat without damaging the polymer electrolyte [15, 16, 24].

Early laboratory tests indicate lithium polymer batteries have the potential for a high cycle
life, as well as a long calendar life. Developers expect that they will allow vehicle ranges of over
three hundred miles on a single charge. That feature coupled with a low cost would minimize the
range differential between battery- and gasoline-powered vehicles. Yuasa Battery Company with
Canada Hydro Quebec and 3M, W.R. Grace (USABC contract), Valance Technology, Sonyo
Electric Company, and Matsushita Battery Industrial Company, among others, are all developing
this battery technology [21, 23, 34, 35].

2.1.14 Zinc-Bromine Batteries

The development of zinc-bromine batteries accelerated in the 1960s when the problems of
electrical short circuiting and poor efficiency were overcome with technical advances. In the 1980s,
this battery achieved over 2,000 charge cycles in laboratory tests. Exxon continued work on this
battery and developed the first full size rechargeable pack for demonstration in the Ford ETX
electric van. Although Exxon discontinued its development effort, Johnson Controls is continuing
to make advances in design, materials and thermal management.

Zinc-bromine batteries offer high specific energy for extended EV range, but they have low
power and a short cycle life. They have been demonstrated in vehicles and have performed well
for short periods of time. Current versions of this battery require electrolyte to be pumped through
the battery with an external pump. The pumping process decreases battery efficiency and leaves
the external pump, which contains bromine gases, vulnerable to damage and gas release [16, 30].
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Zinc-bromine batteries are being developed by Johnson Controls, Incorporated and
Powercell, Incorporated. If technical advances continue, this battery could offer a low cost [10].
|

2.1.15 Zinc-Air Batteries !
!

Zinc-air batteries offer high energy density for extended EV range at half the cost of lead-
acid batteries, but they have low power density and a short life. They have been considered as a
battery to be coupled with an additional power source such as a high power battery or possibly even
a future mechanical power source. Zinc-air batterles require scrubbers, which are bulky, to purify
the air electrodes [23].

Southern California Edison Company has demonstrated a Chrysler van coupling Dreisbach
Electromotive Incorporated (DEMI) zinc-air batteries with nickel-cadmium batteries with limited

success [10, 15).

Another version of this battery technology requires mechanical recharging that would result
in a canister of depleted electrolyte in the form of a zinc slurry. Developers intend for the slurry
to be exchanged at a service station. This would require an extensive infrastructure for consumer
use that has not yet been explored for California or the U.S. According to Electric Fuel Limited
of Israel, Germany has indicated an interest in this version of the battery and has placed an order
for 25,000 of these batteries [15, 24].

Other developers and researchers of zinc-air technology include Pinnacle Research Institute,
Lawrence Berkeley Laboratory, Westinghouse, and Energy Resource Corporation [15].

22 EXISTING RECYCLING INFRASTRUCTURE

Recycling infrastructures in the United States currently exist only for lead-acid, NiCd, NiFe,
and to some degree NiMH batteries. Of the batteries discussed in this study, only lead-acid
batteries are used universally in automobiles. iAutomotive NiCd batteries are commercially
produced, but are only used in a small number of prototype EVs. The existing infrastructure for
jead-acid batteries is capable of accommodating all types of lead-acid batteries, including advanced
lead-acid and SBLA. Forty-two states currently have legislation requiring that spent lead-acid
batteries be recycled and that they be accepted by battery retailers and/or wholesalers in exchange
for new lead-acid batteries. A summary of state laws regarding the return of spent lead-acid
batteries is found in the Appendix [37). f

Lead-acid batteries have been actively recycled since the 1920s [38]. In most states, they are
now banned from municipal solid waste landfills, but relaxed regulations have made the recycling
system so accommodating that lead-acid batteries are now being recycled at a rate of about 95%
[37). Consumers simply return spent batteries to ap authorized retailer, wholesaler, service center,
collection center, or directly to the recycler. The retailer or wholesaler is not required to obtain
a hazardous waste generator or storage permit, but simply sends the batteries to a secondary lead
smelter for reclamation. In California, however, the shipment must be accompanied by a Bill of
Lading, which identifies the name and address of the generator (owner of the collection center) and
the transporter, the number of batteries in the shii)ment, and the date of shipment. Transporters
of lead-acid batteries are not required to register themselves as hazardous waste transporters, and
do not need to fill out manifest papers to accompany the shipment [37]. Regulation begins only
when the batteries reach the recycler.



As the current regulations stand, all batteries presently on the market, as well as those under
development for EVs, meet the characteristic definition of hazardous waste, and would be subject
to extensive hazardous waste transportation, treatment, and disposal regulations. Only vehicular
lead-acid batteries currently enjoy the regulatory exemptions regarding collection and transport
necessary to facilitate the convenient recycling system already in place for these batteries. There
is hope, however, that other batteries may soon share the same benefits as lead-acid batteries. The
EPA has introduced the “Universal Waste Rule” (40 CFR, Part 273), which will exempt all types
of batteries and certain household hazardous wastes and recalled pesticides from parts of the
Resource Conservation and Recovery Act (RCRA). When finalized, the new rule will waive certain
restrictions that are presently placed on batteries. Manifests will not be required for shipments of
spent batteries, and generators and transporters of spent batteries will not be required to register
for an EPA identification number. The Universal Waste Rule is expected to be finalized in January
1995 [39]. The new rule will not take effect, however, immediately after its finalization. Because
it is not a federal law, which would preempt existing state laws, but only a federal rule, most states
would not be required to adopt the rule if it is more lenient than their existing code, since most
states, including California, have authority to adopt environmental regulations stricter than those
at the federal level. The new rule would appear in the federal code soon after its finalization, but
it may take several months to several years before each state decides whether or not to adopt it.

California could make a bold step in this respect, since it is often the state that leads the nation in
the environmental arena.

A list of existing lead-acid recycling facilities in the U.S. is given in Table 2, along with their
current capacities and estimated future capacities. GNB and RSR Corporation are the two
recyclers of lead-acid batteries in California, together processing 12-13 million spent lead-acid
batteries per year in California alone (over 200,000 tons). A significant percentage of these
batteries are from out-of-state. By 1995, both companies estimate that together they will be able
to handle nearly 300,000 tons of spent lead-acid batteries per year. Projected increases in spent
lead-acid batteries in California, based upon a scenario in which all EVs are lead-acid powered, are
shown in Figure 1. Even assuming that 100% of electric vehicles sold in California will be run on
lead-acid batteries, and accounting for varying battery life between internal combustion vehicle
(ICV) batteries (four years) and EV batteries (2 years), the projected amount of spent lead-acid
batteries for 2005 is only 262,344 tons. GNB and RSR estimate that they will be able to handle that
amount by next year. Currently both facilities receive lead-acid batteries from sources other than
passenger vehicles as well as from out-of-state. They are restricted from much further expansion
of their facilities by the South Coast Air Quality Management District (SCAQMD). In fact, GNB
is under an abatement order of the SCAQMD which limits GNB’s production to 90% of full
capacity. Therefore, in order to accommodate increases in demand beyond 2005, the two companies
may need to cut back on their out-of-state business and/or consider other recycling processes, such
as electrowinning, which have fewer air emissions [40, 41]. It is important to note, however, that
while electrowinning processes produce fewer air emissions, they do produce greater amounts of
wastewater as a result of the washing techniques used (see discussion of lead-acid recycling,
Section 2.3.1). As a trade-off for reduced air emissions, these facilities would most likely need
additional wastewater treatment capacity.

A more likely scenario involves a certain percentage of the new EVs being powered with
NiCd batteries. A study performed by the Cadmium Council, Inc. estimates that commercially
available EV NiCds, manufactured by such companies as the French owned SAFT-NIFE, and the
German owned DAUG-Hoppecke, could power as much as 40% of the new EV fleet in California
and in several northeastern states which have also passed similar ZEV laws. The only existing NiCd
recycler in North America is INMETCO of Ellwood City, Pennsylvania. All other NiCd recyclers
are located in Europe, Japan, and Korea. For a complete list of NiCd recyclers and their capacities,
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see Table 2. The combined capacity of all the worlq’s NiCd recyclers is presently about 26,000 tons
per year with expansion capabilities up to 44,000 tons. At this time, however, none of the existing
facilities are at full capacity. It is estimated that ti& are only receiving about 11,000 tons per year.
If 40% of California’s new EVs would be NiCd powered, with an average NiCd life of 7 years, then
there would be an increase in recyclable NiCd batteries in California of about 8,800 tons by the year
2005, and about 46,000 tons by 2010. Existing facilities could accommodate the near-term increase,
but may encounter difficulty meeting increases beyond the near-term. In addition, small sealed cell
and industrial NiCds are currently only being recycled at a rate of 21% worldwide, with an
additional 41,400 tons annually that are not bein recycled. With expanded recycling of these
batteries plus the influx of EV NiCds, expansion df facilities in the U.S. will become a necessity.
INMETCO now handles only 2,250 tons of nickel ontaining batteries, including NiCd, NiFe, and
a small percentage of NiMH batteries; it is permitted to handle only 10,000 tons. As a further
hindrance, an agreement of the International Basel Convention is placing barriers on the

exportation of hazardous waste from the country of origin [46, 47)].

To date, there is no comprehensive collection system for nickel-cadmium batteries in the
U.S. since they do not benefit from regulatory exe ptions as lead-acid batteries do. For example,
California’s hazardous waste laws do not prohibit businesses from using electric vehicles powered
by nickel-cadmium batteries and sending those battéries to INMETCO in Pennsylvania for recycling.
However, in order to transport spent nickel-cadmi im batteries, the business would have to register
itself as a hazardous waste generator, fill out majifests, hire an EPA registered transporter, pay
taxes, and file reports just as all hazardous waste generators do. These hurdles are quite significant
for a business that is not otherwise a generator, and most such businesses would simply not bother
with the expense and the learning necessary to accomplish these tasks correctly, and would probably
opt not to buy electric vehicles. However, if the battery recycling process were as simple as the
lead-acid battery recycling process, in which the batteries are simply taken back by the retailer or
dealer installing the new batteries, the recycling process would remain transparent to the user and
there would be no disincentive associated with battery handling. At this time, large quantity
generators of hazardous waste (those generating more than 1,000 kg per month) must obtain an
EPA hazardous waste generator identification nurhber from the state environmental agency. This
number must appear on the manifest which accompanies the batteries from the point where they
are first declared waste to the final disposal or recycling destination. The transporter of the
batteries must be an EPA registered hazardous waste hauler with an appropriate identification
number. The ultimate recycling, processing, or disposal facility must have an EPA treatment,
storage, or disposal (TSD) facility permit. Each party involved in the “cradle-to-grave” path must
receive, sign, and maintain for three years, a copy of the manifest. The signatures help to guarantee
that the batteries are classified, packaged, shipped, and handled correctly and aid in determining
legal responsibility in the event of a violation [48].

Several cities in 14 states (AL, FL, KS, KY, MI, MN, MO, NH, NI, NY, PA, VA, WY, and
WA) have pilot collection programs for household battery waste (dry cell batteries only, of all
chemistries); but in many of these plans, the batteries are simply sent to a hazardous waste landfill
or incinerator [49]. States that adopt such collection programs can enact Pilot Project rules which
temporarily render the RCRA manifest rules null and void for batteries. It is not known whether

these rules allow for the collection of automotive and EV batteries, as this depends on how the state
defines the term ‘battery’ within the rules. The Portable Rechargeable Battery Association

(PRBA) has developed a program for the nationwide collection of small sealed cell NiCd batteries
generated in consumer waste (Figure 2). The program will be administered by a company called
the Rechargeable Battery Recycling Corporation (RBRC). The RBRC will sell licenses to use the
RBRC seal to NiCd battery manufacturers who wish to participate in the program. Consumers can
then return used NiCd batteries to designated retail collection points. From the collection centers

15



Cell
Marketer Manufacturer
RBRC
B License Agreement =
Cells w/ License
Seals Tees R o
License Fees i
o (oL -
Rebate Application .
| : -
Product w/Scal Rebates/Credits I
Funds
Report Distribution ‘ +
Quantity Programs, Kits,
Collected & Informaion
Product w/Seal
End User
Used Batteries
' . |
Marketer Commercial/ B
Sponsored | [nstitutional Retailers M‘“"C‘Pa]
Programs Collection COllecuon—l
(Some Transportation Will Be '
Paid by RBRC)
| Collection
l o Center
| | |
I | I +
- | |
Recycler
- L - - __ —_ L - y

PRBA

Funds

Education/PR

Figure 2. RBRC National Battery Collection Program funding and operations

16




they will be transported to recyclers [50, 51]. The program was originally slated to begin September
1, 1994, pending the adoption by the EPA of the Universal Waste Rule, which will exempt
household hazardous waste and batteries of all types from regulation until the waste reaches the
recycler. This would enable much smoother retail collection, since collection centers would not be
required to have hazardous waste generator or storage permits or manifest the shipment of the
batteries. The final ruling on Part 273 is anticipated by January of 1995. Since Part 273 has not
been adopted before the scheduled start of the RBRC program, the RBRC has selected 13 states
to be part of the first phase of the program. These states are Maryland, Wisconsin, Minnesota, and
the states that make up the Northeast Recycling C?uncil (NERC), Connecticut, Delaware, Maine,
Massachusetts, New Hampshire, Pennsylvania, Rhode Island, and Vermont. Thus far Minnesota
and New Jersey have adopted the RBRC program. In the event that the Universal Waste Rule
does not pass as expected, it is likely that the states with existing successful collection programs will
extend those programs rather than end them. pther states that do not currently have pilot
collection programs could expedite matters by adopting pilot programs while the Universal Waste
Rule is under regulatory review in those states. Although the RBRC program does not initially plan
to encompass the collection of industrial and automotive NiCd batteries (the program only covers
small sealed cell NiCds), they will be in active discussions with EV battery manufacturers to
encourage them to participate in the program [47, 50].

Figure 3 shows how a possible collection infrastructure for NiCd batteries might look if Part
273 is adopted. The service station/collection center depicted in Figure 3 could collect batteries
of different chemistries and separate them for shipment to their respective recycling facilities if the
batteries are labeled properly so that their chemistry is easily identifiable. Japan is experimenting
with a color coding system to identify NiCd battergs by a uniformly accepted color imprinted on
the battery case [47]. A state regulation requiring color labeling would facilitate more efficient
collection and retrieval of spent batteries. Color codings would be universally understandable,
regardless of language. A system like this could be adopted internationally, such as color coded
symbols that are used today for hazardous materials.

23 RECYCLING TECHNOLOGIES
23.1 Lead-Acid

23.1.1 Smelting

The conventional method to recover lead from spent lead-acid batteries is smelting. The
process of secondary lead smelting is a well developed technology. As batteries come into the
smelting plant, they are first broken and separated into constituent parts, which are then sent to
different processes for further treatment. At GNB, for example, batteries are conveyed onto a
hammermill where they are broken open, and the t’fomponent parts are separated (Figure 4). The
sulfuric acid electrolyte is neutralized and sent to a wastewater treatment plant (WWTP) for pH
adjustment, clarification, and filtration. The treated water is then discharged to the Los Angeles
County sewer. The remaining solids are separateE into four parts. Polypropylene cases are sold
to a plastics recycler for remanufacture as battery cases and other consumer products. Rubber cases
are substituted as feed for the furnace. The metals and lead compounds are sent into the
reverbatory furnace. The metal compounds form a slag which separates from the compounds. The
metals are removed and further refined. The remajning slag and lead compounds are sent to a blast
furnace. Lead is recovered from the blast furnace, and another slag residue, containing traces of
metals, is sent to a Class 1 Hazardous Waste Landfjll. The metals recovered from furnaces are sent
to the refinery, after which they are made into firjished products, such as new lead-acid batteries
[40). The Doe Run Company, a secondary lead sielter in Missouri, adds a different twist to the
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battery separation process. Instead of neutralizing the sulfuric acid, which produces a sludge that
usually ends up in a landfill, they convert the acid to pure anhydrous sodium sulfate. This can be
used in the manufacture of laundry detergents and glass. Doe Run produces about 8,000 tons of
sodium sulfate per year from spent battery electrolyte [43].

23.12 Electrowinning

In the late 1970s, RSR Corporation patented an electrowinning process to recover lead
without toxic air emissions. In the early 1980s, RSR successfully ran a pilot plant, and it now plans
to build a full scale plant with a capacity of 36,000 tons/yr near its existing smelting plant in
Indianapolis. Most of the air pollution from smelting results from the high temperature
pyrometallurgical processes used to treat the lead paste to remove sulfur. The RSR process uses
wet chemistry to remove the sulfur and precipitate the lead out from the paste. The process begins
with battery wrecking (Figure 5), which involves first removing the acid electrolyte and sending the
drained batteries to a roll crusher. The pieces are sent to a sink-float separator, where the floating
polypropylene cases are removed for recycling. The paste and metals sink and are scraped off by
a drag conveyor. The paste and metals are separated so that the paste, which contains 54% PbSO,,
40% PbO,, 2% metallic Pb, and 4% other constituents, may be desulfurized (Figure 6). The
insoluble PbSO, is converted to PbCO;, which is even more insoluble, by addition of Na,COj,
according to the following reaction:

PbSO, + Na2CO3 - PbCO5 + Na,50,

The PbCO, thus formed and the PbO, from the original paste are decomposed to soluble PbO by
heating in a drying oven above 325°C. After drying, the PbO is leached in a H,SiFy electrolyte
according to the following reaction:

PbO + H,SiFg - PbSiFg HyO

The pregnant electrolyte is then sent to the electrowinning process, which employs RSR’s patented
PbO, coated graphite anodes. The current density at the pilot plant was 100 A/ m?2, with a cell
voltage of 2.5 V. One potential problem in the electrowinning process is the formation of insoluble
PbO, on the anode, as follows:

de ™ + 2PbSiF, + 2H,0 — PbO, + Pb + 2H,SiF¢

RSR has overcome this problem by adding small amounts of arsenic to the electrolyte, thereby
changing the reaction to:

de™ + 2PbSiFg + 2H,0 — 2Pb + 2H,SiFg + O,

The oxygen produced is vented to the atmosphere. The lead recovered is more than 99.99% pure
and was produced at an output rate of 100 tons/day in the pilot plant [52). In late 1994, GNB
began conducting a laboratory scale study of a lead-acid electrowinning process, which is focusing
on the effects of various electrolytes on the life of the electrowinning anodes. If the study is
successful, efforts will move towards establishing a pilot plant [40].
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In addition to smelting and electrowinning, EPRI is working on technologies to extend the
life of lead-acid batteries. Electrosource, Inc., of Austin, Texas, in a collaboration with EPRI, is
developing an advanced lead-acid battery that promises to last three to four times longer, provide
50% to 80% greater specific energy, and deliver two to three times more power for better
acceleration than conventional lead-acid batteries. Called the Horizon®, the battery gets its name
from its design. The plates are oriented horizontally, rather than vertically, to eliminate electrolyte
stratification and shedding of the active material from the grids. The Horizon® can be recycled
using current recycling technology for conventiona] lead-acids. After extensive research, scientists
at Electrosource and EPRI are confident that the Horizon® will be able to meet several of the
USABC mid-term goals for EV batteries. Resegrchers at Electrosource and EPRI expect the
Horizon® to be in commercial production by 1995 [53].

232 Nickel-Cadmium

INMETCO recycles NiCd batteries (Figure 7) by sending them through a shredder and
conveying the shredded material to a pelletizing disk. The pellets are then sent to the rotary hearth
furnace (RHF), which operates at 2,300°F. The RHF reduces the oxidized metals to metallic form.
The reduced metallic pellets are transferred to the submerged electric arc furnace (EAF), the
smelter. The pellets are smelted to extract the metal components. The molten metal is then cast
into so-called “pigs” for use as a stainless steel rgmelt alloy. Only the nickel is reclaimed from
NiCd batteries at INMETCO. Cadmium is not reclaimed at this facility for recycling, but is
collected from the flue dust in pollution control devices and is sent to other refining operations for
reclamation. The process also produces a non-Hazardous slag which is sold as a construction
aggregate. Since INMETCO is not solely a battery recycler, but is primarily a stainless steel
recycler, they also accept NiFe batteries to reclain the nickel and iron for use in the remelt alloy.
INMETCO’s thermal recovery technology has been determined by the EPA to be the best
demonstrated available technology (BDAT) [54].

|
By contrast, the SNAM/SAVAM facility in France and the SAFT plant in Sweden are

dedicated NiCd battery recyclers (Figure 8). The Sh

into the constituent parts and produces a nickel pro
The polypropylene casings are recycled. The cad
where it is then cast into ingots or sticks at more t
to 99.99% purity and sold. The nickel is recovere

233 Nickel-Iron

Although other automotive batteries under
do not have existing recycling facilities or are noj
industrial NiFe batteries are already being proces
process used for NiCds. The products are used in
1o the stainless steel industry. Thus the technolog

NAM/SAVAM facility breaks down each battery
duct, a cadmium product, and separated casings.
mium is vaporized and condensed to a liquid,
han 99% purity. It may then be further refined
d as ferronickel for use in stainless steel [44].

development for use in electric vehicles either
t being actively recycled, small sealed cell and
ised at the INMETCO facility, using the same
) the same stainless steel remelt alloy, and sold
y exists to recycle the automotive variety of this

battery [54]. Currently the capacity is very limited, as INMETCO is presently the only facility in

the U.S. accepting this battery type, but the comp
of its existing capacity to EV battery recycling,
batteries [55].

any has expressed a willingness to devote more
which would inciude NiCd, NiFe, and NiMH
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23.4 Nickel-Metal Hydride

NiMH batteries have been difficult to recycle because of their contents. Two types of NIMH
batteries are produced, AB, and AB5 types. AB, types usually contain some mix of Fe, Cr, Co, Mn,
Ni, Ti, V, Zr, and Al. ABs types contain a mix of Ni, Fe, Cr, Co, Mn, Al, and the rare earth metals,
known as misch metal. However, the exact make-up of the metal hydrides is often not known, and
is sometimes proprietary information. According to the U.S. EPA toxicity characteristic leaching
procedure (TCLP) test, NiMH batteries have been determined to be non-hazardous at the federal
level. The TCLP test determines a waste’s toxicity based on how much will leach out of a landfill
into the surrounding soil or groundwater. If the leachate amount exceeds a certain limit, the waste
is defined as toxic. The results of this test are shown in Table 3 [56]. However, California and the
European Community have established stricter toxicity levels, and the limits for nickel concentration
in waste would classify NiMHs as hazardous. Columns 9 and 10 of Table 3 are the limits of the
California Soluble Threshold Limit Concentration (STLC) procedure and the Total Threshold Limit
Concentration (TTLC) procedure, respectively. These tests are similar in purpose to the federal
TCLP test, but the waste extraction procedures of the California tests are more effective and
thorough than the federal test.

Limited capacity exists today to recycle NiMH batteries. Existing NiCd recycling plants
could handle a small amount of NiMH batteries. The INMETCO plant has the ability to recover
Ni, Fe, V, Co, Cr, and Mn, all of which are typically found in NiMHs. These metals could be
recovered in ingots and sold to the stainless steel industry. The Zr, Ti, and Al also found in NiMH
batteries would most likely not be recovered at the facility, but would be disposed of in the metal
slag. Switzerland’s Recymet plant, which handles unsorted household batteries, could accept some
NiMH batteries but would require process modifications to recover V, Zr, Ti, and Cr. The SAVAM
facility in France could accept NiMH batteries, but probably cannot recover metals other than Ni
and Fe at this point. Clearly, the existing facilities will not be able to feasibly recover all of the
valuable metals found in NiMH batteries, based on their processes now in use. Due to the political
expediency and increasingly strict regulations regarding export of hazardous waste, additional
capacity to recycle NiMH batteries in the U.S. will be needed if these batteries are produced on a
large scale.

Table 3. TCLP results of metals found in conventional and NiMH batteries!

(all TCLP results are reported in mg/L)

CA CA TILC
EPA EC STLC Limit

Alkaline | Mercury | NiCd AB; AB, HWL? | HWL? | Limit* | (mg/kp)*
Cd 020-120 [ <001 48290 | 0.01-141 | <0.01-0.08 1.0 0.5 1.0 100
Cr(viy | <005 | <005 <005 | 0.16-0.24 0.09-0.23 50 0.5 5.0 500
Hg 001-0.12 | 92 <001 <0.002 <0.002 02 0.2 0.2 20
Ni 0.07-0.35 0.36 62-160 | 610-920 320-590 None 2.0 200 2,000

. Reference 56.

_EPA HWL = EPA Hazardous Waste Limit for the TCLP.

_EC HWL = European Community Hazardous Waste Limit {proposed for 9/18/92).

Reference 57. STLC = Soluble Threshold Limit Concentration; TTLC = Total Threshold Limit Concentration.

. L2 b —
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New processes designed specifically for the recycling of NiMH batteries have been
researched by the U.S. Bureau of Mines (USBoM) and Teledyne Wah Chang Albany (TWCA), of
Albany, Oregon. Two possible NiMH recycling opﬂions are shown in Figures 9 and 2-10. The first
process, developed by the USBoM, involves shredding the batteries, washing to remove the KOH
electrolyte, and dissolving the metals in an acid digf:ster to selectively precipitate the metals. This
process leaves some undissolved nonhazardous solid residues, such as the battery insulators, which
are disposed of in a municipal solid waste landfill. The products would be salts of nickel, cobalt,
and the rare earth metals. There are no air emissions produced by this process, and the acid
solution can be treated to levels of the primary drinking water standards for metals and pH, and
discharged to a municipal sewer [58].

The second alternative, developed by TWCA, requires shredding the batteries and washing
to remove the KOH. The drained batteries are then gravimetrically sorted into organic and metallic
components by density-based flotation. The metalli¢s are dried and melted, producing an alloy rich
in nickel. The slag would contain Zr, Ti, and Al. Some potential uses for this alloy are in certain
nickel-based or steel alloys, which would require further refining [S6].

Whatever option is employed will be based on economics [56]. NiMH battery manufacturers
are hopeful that the stainless steel and specialty steel industries will be able to absorb the products
of NiMH recycling. Researchers at USBoM and TWCA believe that this view is overly optimistic,
since the quality of the alloy produced will be low, and it will be in competition with higher grade
alloys produced by other recycling processes.

235  Sodium-Sulfur

A typical sodium-sulfur (NaS) battery contains steel, aluminum, copper, ceramic insulation,
sodium, sodium polysulfides, chromium compounds, sulfur, alumina, and graphite. Based on these
components, Na$ batteries would be considered hazardous by EPA. Sodium and sodium sulfides
are hazardous because of their reactivity and cofrosivity. Sodium polysulfides are considered
corrosive in the molten state, but could be corrosiv? in the solid state if they come in contact with
water. In California, NaCl and Na,CO, are considered hazardous based on toxicity, since results
of fish bioassays have proven that these salts have an LDs less than 5,000 mg/kg, which is the limit
listed in 22 CCR 66261.24 (a)(3) [59]. In addition, there is a human safety problem with
transporting molten sodium at an operating temperature of 350°C on a passenger vehicle. There
have been incidents of the cell packs catching fire inside a vehicle. Furthermore, sodium
polysulfides could be hazardous because of their cofrosivity. The only concentration standard that
applies to Na$ batteries is for chromium (Cr), which could be toxic based on the TCLP test. Even
though hexavalent Cr is more toxic than trivalent Cr, the standard (5 mg/L) regulates total
chromium, because trivalent Cr can oxidize to the héxavalent form in the environment. Depending
on whether or not the Cr concentration exceeds the standard, recovery of Cr may or may not be
necessary from a regulatory standpoint, but is preferred from an environmental standpoint.

Several treatment and disposal processes have been researched at Sandia National
Laboratories for Na$ batteries, but the process chpsen will depend on regulatory requirements,
environmental impacts, and economic factors [60]. One potential process could recover sodium
tetrasulfides through direct recycling, but the markep for these is small and the price low. Another
process could indirectly recover sodium dithionite (Na,S,0¢42H,0) through reclamation/recycling.
Sodium dithionite has a much larger market and a higher price [60]. From an environmental and
regulatory viewpoint, direct recycling is preferred because it can be exempted from certain RCRA
permits if the process meets the EPA definition of recycling. But in order for the process to meet
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the definition, a market must exist for the end product of that process. The processes studied at
Sandia are described below.

1. Recovery of Sodium Polysulfides: The cells are crushed to recover sodium polysulfide.
Addition of excess sulfur oxidizes any Na,S; to Na,S,. The polysulfides are dissolved
in water, and the aqueous solution is dried and drummed for shipping. This process
may require a RCRA permit if no market for the Na,S, exists [60, 61]. Sodium
polysulfides had a limited market in the past for use in color dyes. However, since the
reunification of Germany, the former East Germany has been able to provide cheaper
materials for color dyes, thus squeezing sodium polysulfides out of this market [62].

2. Sodium Recovery/Sulfur Reclamation: Prior to disassembly, the cells are charged,
although recharging may be only 90% efficient. The cells are heated to 100°C, and the
sodium is removed from the battery matrix. The outer cell container is then removed,
and the sulfur is hydrotreated to yield H,S. The H,S is oxidized, via the Claus process,
to elemental sulfur. If a market for this product exists, no permit would be required.
In addition, the hazardous products could be reused by battery manufacturers without
further processing. If removal of chromium were required (based on results of the
TCLP), a RCRA permit would be necessary [60, 61].

3. Oxidation of Polysulfides to form Sodium Sulfate, Sulfur, and Sodium Chloride: The
cells are discharged to yield Na,S;, though discharging will not be 100% efficient
because some cells are electrically isolated. The cells are opened and sodium
hypochlorite (NaOCY) is added. This oxidizes the polysulfides to sodium sulfate and
elemental sulfur. The solution is filtered, and Na,SO4 and NaCl are produced. A
potential market for these products exists, and if they are sold for reuse, no permit
would be required. However, the products are not hazardous, and could thus be
landfilled or incinerated. In this case, a permit would be required [60, 61].

4. Acidic Oxidation and Claus Process to Yield Sodium Sulfate and Elemental Sulfur: The
cells are discharged as above. The cells are then opened and sulfuric acid is added to
form sodium sulfate, H,S, and elemental sulfur. The H,S is oxidized, via the Claus
process, to elemental sulfur. This product is not hazardous, and could thus be reused
or landfilled/incinerated. The landfill/incineration option would necessitate a permit
[60, 61).

In addition to the previous work at Sandia, Silent Power in the United Kingdom has
developed and recently patented a process for recycling Na$S batteries. The process, depicted in
Figure 11, is very similar to number 4 above. The advantage of this process over the Sandia process
is that the cells can be in any state of discharge when they are shredded. The process would
probably meet the EPA definition of recycling since there is a market for sodium sulfate and
elemental sulfur [63]. Little has been published so far on the Silent Power process, since it has only
recently been developed. Unfortunately, although the chemistry for all of these processes has been
worked out, the cost feasibility of recycling NaS EV batteries on a grand scale has not been studied
to a satisfactory degree.

In the past, Asea Brown Boveri (ABB), who is working with Ford on the Ecostar van project
to develop Na$S batteries, operated a pilot scale recycling plant in Germany. In their process, the
outer stainless steel casings were removed and sold as stainless steel scrap. The inner cell casings,
composed of aluminum with a thin chromium inner lining, were punctured and the cells were placed
in a hot paratfin bath at 110°C to melt out the sodium. The recovered sodium was of very high
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purity and could be sold back to the sodium metal industry. The aluminum casings could be sold
to aluminum recyclers, and the remainder of the cells were incinerated. ABB has since closed the
recycling plant in Germany and does not have plans to begin producing NaS batteries commercially
after the completion of the Ford contract [62].

23.6 Sodium-Nickel Chloride

Since sodium-nickel chloride batteries are not yet in commercial or pilot scale production,
any processes for recycling these batteries are in preliminary developmental stages at this point.
One process for recycling sodium-nickel chloride batteries, which has been tried successfully on a
laboratory scale, involves a joint venture between German companies Mercedes-Benz and AEG.
This process involves breaking the batteries open in the discharged state to separate the materials.
In the discharged state, the batteries contain NaCl, nickel powder, NaAICl,, and ceramic. In the
event of incomplete discharge, there may also be some residual NiCl, remaining. The soluble
compounds, such as NiCl,, NaCl, and NaAICl,, are dissolved in a leaching solution. Nickel chloride
is precipitated out of solution as nickel sulfide using H,S. The nickel sulfide is then returned to a
metallurgical process to extract the nickel metal. The NaCl and NaAlCl, are removed by
crystallization and can be reused in new batteries. The nickel powder, steel casing scrap, and
ceramics are separated by sieving and magnetic separation. The nickel powder and steel casings
are sent for further pyrometallurgical treatment. AEG reports a 90% salvage rate for the nickel
powder, which is at least 95% pure on a laboratory scale. The ceramic may be disposed or reused
in new batteries. The next step in the development of this process is a scale-up to a pilot plant after
commercial production of the AEG "ZEBRA” sodium-nickel chloride battery. Commercial
production is expected to begin in time for the 1998 mandate [64].

Another possible method of recycling Na-NiCl, batteries is based on their similar structure
to NaS batteries. The materials could be recovered by recharging the batteries, as in process 2
above, to remove the elemental sodium from the battery matrix. The NiCi, could be removed after
the cell container is broken open. These materials may need to be further purified or processed.
If the products are pure enough, they may be able to be reused in new Na-NiCl, batteries.

23.7 Lithium Batteries

A U.S. company, Toxco, with a facility located in British Columbia, Canada, has been
recycling military size and household lithium batteries since September 1993. Toxco has received
LiSO,, LiFeS,, Li vinyl chloride, LiMnO,, and a very small quantity of Li polymer batteries in sizes
ranging from AAA up to 250 ibs. The process is based on a hydrolysis reaction. The batteries are
first frozen in liquid nitrogen at -320°F for three to four hours to reduce the reactivity of the
lithium, The reactivity at -320°F is only a minute fraction of the reactivity at room temperature,
so the batteries are essentially inert at that temperature. They are then fed on a conveyor to the
shredder. From the shredder they proceed to an aqueous reaction tank where the various lithium
compounds are reduced to LiOH. Carbon dioxide is added to convert the lithium to lithium
carbonate. Other agents can also be added to produce other insoluble lithium salts, such as lithium
sulfide. The metal and plastic cases are separated from the solution where they can be sold to
recyclers. Other packaging materials are not separated from the salt solution. The entire solution
is sold to the cement industry as an additive for concrete, because the salts increase the elasticity
of the concrete. It is not necessary to separate the carbon black and other cell materials from the
lithium salts, because they are simply burned off in the cement kiln. Toxco has achieved salvage
rates of about 65% of the total input as a recovered, salable product, with the remaining 35% being
non-hazardous solid waste or offgases. The process apparently generates no hazardous air
emissions or wastewater. All of the process water is repeatedly reused. The solid waste produced
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passes the TCLP test and can be safely and legal! y disposed of in the United States or Canada.
Currently Toxco can accommodate about 50,000 t0,90,000 batteries per month with weights ranging
from size AAA to 250 Ibs. The average battery weight in the process input is now around 2.5 Ibs,
so the facility is handling between 1,000 to 2,000 tons annually and anticipates no major problems
with expansion. Facilities were difficult to permit in the United States, since there were previously
no similar facilities to compare it to for an envirdnmental impact study. Now that the plant has
been operating successfully, it may be easier to establish additional plants in the U.S., if public
opposition to location of facilities in their immediate vicinity (the “Not In My Back Yard” or
NIMBY factor) can be overcome. The process haJ; been approved by the U.S. EPA, Environment
Canada, and the Ministry of British Columbia [7].;

23.8 Zinc Batteries i

Zinc-air batteries produce zinc oxide in the discharged state. Recovery and Reclamation,
a company based in Texas, processes small household and industrial railroad sized zinc-air batteries.
The process is simple and involves no smelting, so there are no toxic air emissions. The batteries
are simply broken open, and the cells are washed with KOH to flush off the ZnO. The ZnO/KOH
solution is then run through a filter press to remove the KOH. When the ZnO has dried, it can be
sold to a zinc company, such as U.S. Zinc, or tq a plating company [6]. Metallic zinc can be
recovered from ZnO either through smelting or electrowmmng, but secondary zinc is usually
recovered by smelting and distillation.

24 MARKET ASSESSMENT

The economic feasibility of recycling is as important as the development of recycling
technology. A battery recycling system can either. be market-driven or regulation-driven. In the
market-driven scenario, the material values upon teclamation support the recycling costs. In the
regulatory scenario, the recycling adds a net cost tg the system. This cost may be borne directly by
the user, through disposal fees or higher battery cdsts, or it may be subsidized by the government.
While a market system is generally preferable bechuse it minimizes administrative waste and will
evalve to the least-cost recycling system, it depends on consistently high material prices which may
not exist for many battery constituents under study. In addition, a market-driven system may not
result in the highest possible percentage of battery components being recycled.

Market conditions for metals and other prdducts of battery recycling will affect the success
of a battery recycling program. Prior experience with newspaper and plastic recycling programs has
shown that collection of the material is only the first step in establishing a recycling program. A
market must also exist for recycled materials. For instance, mandates that established a minimum
recycled content help provide a market for recycled paper and plastic. In the case of aluminum
cans, recycling success varies with the market price pf aluminum. Deposits on bottles and cans help
to further recycling incentives by increasing the vilues of the collected materials and helping to
finance collection operations. Another obstacle to recycling paper, bottle glass, and cans is the low
unit value for containers and paper. In contrast, copper wire and bulk aluminum are readily
recycled because scrap values make recycling (and even theft) quite cost attractive. Among
currently recycled materials, the issue of market demand has been resolved to some extent for
recycled newspaper, plastic, and glass through mandated use of recycled products. In the case of
aluminum, the post recycling use of aluminum hpas never been an issue since aluminum is an
industrial commodity that is used on a large scalg. Only a low market price in prior years has
curtailed collection activities.
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Recycled products from batteries can be categorized by their degree of processing during
recycling. The following categories apply to batteries:

1. Pure metals or materials (lead, cadmium, sodium, sulfur)

2. Metal alloys (ferronickel alloys)

3. Partially processed materials (casing chips, cadmium dust, metal, etc.)
4. Waste materials (furnace slag, Na,Ss, treated electrolyte)

To begin our market assessment, we projected a scenario for the near-term (year 2000),
mid-term (year 2005), and long-term (year 2010) EV market in California. For each battery, we
estimated what percentage of the EV market it might attain, based on the current state of
development, the battery technology, the current recycling status, projections from battery
manufacturers, and the extent of support the battery receives from auto manufacturers, researchers,
and the USABC. Table 4 summarizes these estimated projections for light-duty vehicles (LDV) in
California. A view of the market saturation of each type of battery at the end of its useful life is
depicted in Figure 12. This graph shows a projection of the raw tons of spent batteries from
California vehicles that will be available for recycling of all battery types, which is useful to evaluate
if the recycled preducts will flood the market. It also serves as an aid in determining if additional
recycling capacity will be needed.

24.1 Lead-Acid

The existing system for lead-acid battery recycling is largely regulation-driven. In most states,
the recycling of lead-acid batteries is mandated and a deposit is required on purchases of all new
lead-acid batteries. However, the market does play a large role in the efficiency of lead-acid
recycling. Secondary lead smelting has been profitable at times, but throughout the past few
decades, the commodity prices of lead have fluctuated, making it difficult to economically maintain
a high rate of recycling. During the 1980s, the price of primary lead dropped dramatically, causing
several secondary smelters to go out of business. The rate of lead-acid battery recycling fell from
85% to 69%, but currently the rate is assessed at around 95% [38]. The market for secondary lead
exists, and under economically favorable conditions, lead-acid battery recycling presents a closed
loop market. Newly manufactured lead-acid batteries today contain nearly 70% secondary lead, and
it is expected that lead-acid batteries will still dominate the battery market for conventional vehicles.

2.42 Nickel-Cadmium/Nickel-Iron

Nickel-cadmium batteries could be a major contender for near-term EV use since the EV
models can be commercially developed today and the NiCd recycling infrastructure is already well
established. Today, only a small fraction of NiCds produced are the automotive type. Whether or
not NiCd batteries will be able to significantly penetrate the EV market depends on the world
supplies and prices of nickel and cadmium, the markets for recovered materials, and environmental
concerns regarding cadmium toxicity.

The main market for the recovered nickel from NiCd, NiFe, and NiMH batteries is for use
in a ferronicke! alloy used in the production of stainless steel. The current domestic demand for
ferronickel is about 16,500 U.S. tons per year [65]. 1f NiCds power only 5% of the EV fleet up to
the year 2000, as predicted in Table 4, then there should be about 990 tons of recyclable NiCds in
the year 2005 and about 1000 tons in the year 2007 (after this year, the amount of remaining NiCds
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Table 4. Summary of EV batiery market share estimates

Estimated Market Share of
New LDVs & MDVs (%)

Estimated Market Potentin{l
I

Maximum |
Long Term ‘ Near Term | Mid Term | Long Term
Battery Market Comment | 2000 2005 2010
Lead-Acid 100 Current market sharg 38 0 0
Sealed Bipolar 70 Now in pilot production 15 10 6
Lead-Acid
NiCd 40 Cadmium Council estimate, 5 0 0
expensive
NiMH-AB, 30 Performs as well as NiCd but 10 10 7
less toxic. Pilot plant being
built.
NiMH-AB; 30 Performs as well as NiCd but 10 10 7
less toxic. Pilot_plant being
built.
NaS 50 Supported by Ford 2 0 0
Na-NiCl, 50 Built by AEG for Mgrcedes 0 0 0
LiFeS 20 Long term substitute for Na- 0 0 0
NiCl, corrosion problems
LiFeS2 30 Disulfide has higher energy, 0 0 0
corrosion problems
Zn/Air, 10 Primary battery, not 0 0 0
Al/Air rechargeable
Li Polymer 50 Promising long-term battery, 0 30 50
some current military
applications
Li Ion 50 Low cost, high energy. 20 40 30
Currently used in matorcycles
and consumer products.
New light- and medium-duty EVs in California 37,595 203,350 217,440

35




(su0y) prV-ad ADI
(suoy) prV-ad AH
(suo)) v1ds

(suo1) POIN

(suol) ZaV HININ
(suol) sV HWIN
(suol) S/eN

(suoy) Jowjod-11

(su0) uol-IT

DSNBEERBZERNK

saj1a1eq AH Judads BIUIOJI[E) WOL) UOHEINjEs JppIeW Jo PAY] Z1 aindyy

oA

010T mc_om wo_ON h0.0N co_cm mo_om vo_ow mo_om Nc_ow _c_oN oo_cm @m_a_ 8661
|

L661

0

w.::C:m

— 000001

Ll

000051

00000¢

00008¢

000008

(1A su0)) BIUIOJI[ED) Ul SOUINeH AT wadg



should be insignificant). INMETCO is presently praducing about 22,800 tons annually of a stainless
steel remelt alloy containing nickel, iron, and chrpmium from various sources, including nickel
containing batteries [S4]. The demand from the USS. stainless steel industry is expected to rise by
about 2 or 3% per year in the near future. The present price for nickel is near an all-time low
(near U.S. $3.00/1b) [47] because Russia recently entered the global market and just opened up its
large nickel reserves. However, economists are optimistic that the price will begin to rise soon, as
demands for nickel are increasing in the U.S. and Asia. Total U.S. demand for all nickel forms is
estimated at 144,000 U.S. tons [65). The nickel usage in batteries currently accounts for only a very
small fraction of this demand [66]. In 1989, the estimated world nickel reserves were approximately
54,000,000 tons, with large untapped deposits still available. The resources exist to supply the
electric vehicle market, but there is some doubt as to whether or not there will be enough demand
for the secondary nickel.

The cadmium supply is more difficult to a !alyze because cadmium is a by-product of zinc
refining. Thus, the supply of cadmium is a direct fynction of the demand for zinc. NiCd batteries
account for over 60% of the demand for cadmium %7]. The Cadmium Association of London, and
the Cadmium Council, Inc. of North America have developed a forecast for the global cadmium
supply and demand. In this study, an upper and a lower projection were made on the number of
total EVs worldwide and the number of NiCd powered EVs worldwide to simulate a maximum
potential demand scenario. Table 5 shows theser' projections and the anticipated demand for
cadmium from EV use. Table 6 summarizes the tptal cadmium demand, including demand from
other industries. Table 7 presents the expected growth in the zinc production, with the
corresponding cadmium supply. It is anticipated that the efficiency of cadmium recovery from zinc
will increase, thus improving the zinc:cadmium ratio. The total world supply, including centrally
planned economies, secondary cadmium, and cadmium from EV battery recycling is shown in
Table 8. Comparing the total demand and the total supply, there should be enough cadmium to
supply between 40 to 50% of the EV market, at least for the near term. The question remains as
to whether or not the demand will be high enough to make recycling economical. The assumption

Table 5. The Cadmium Association forecast of worldwide cadmium demand for EVs!

Year 1?95 1998 2001 2003
Total No. Vehicles [
e Upper projection 50,000 400,000 700,000 900,000
e Lower projection 3q,000 150,000 300,600 450,000
% NiCd Share 20% 30% 45% 50%
No. of NiCd Vehicles
e Upper projection 10,000 120,000 315,000 450,000
® [ ower projection 6,000 45,000 135,000 225,000

Cadmium Demand @ upper projection | @ '15 kWh per vehicle [3.15 kg Cd/kWh]

@ 47.25 kg Cd/vehicle
Year 1995 1998 2001 2003
Upper Projection (tons Cd) 473 5,670 14,884 21,263

1. Reference 67.
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Table 6. The Cadmium Association summary of worldwide
cadmium demand from all sources (data in tons)

Year 1995 1998 2001 2003
EV Demand 521 6,250 16,410 23,442
Estimated Non-EV Demand 22,180 | 20,950 | 19,850 17,640
Total Demand 2700 | 27,200 | 36,260 41,100

1. Reference 67.

Table 7. The Cadmium Association summary of worldwide zinc production
and related cadmium production

Cadmium Supply
Year 10* Tons Zn b Cd/ton Zn (tons)
1991 5,957 6 17,8711
1992 5,914 6 © 17,742
1993 5,718 6 17,154
1994 5,833 6 17,499
1995 6,081 6 18,243
1996 6,418 6.2 19,896
1997 6,539 6.2 20,271
1998 6,649 6.2 20,612
1999 6,952 6.4 22,246
2000 7,007 6.4 22,422
2001 6,842 6.6 22,579
2002 6,787 6.6 22,397
2003 6,897 6.6 22,760

1. Reference 67.

Table 8. The Cadmium Association summary of worldwide cadmium
supply from all sources (data in tons)

Year 1991 1995 1998 2001 2003

Primary Supply

® Market Economy Countries 17,871 18,243 20,612 22,579 22,760
e Centrally Planned Economies 4,532 4,716 4,860 5,006 5,107
e Supplementary Cadmium Supply - - 2,547 2,758 2,787
Secondary Cadmium Supply 1,100 2,500 3,900 6,600 9,400
EV Battery Reeycling -~ — - — 2,200
Total Supply 23,503 25,459 31919 36,943 42,254

1. Reference 67.
2. EV battery recycling not yet begun in these years, based on NiCd battery life of roughly 7 ycars.
EVs cater world market in 1995
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is that recycling cadmium will be necessary to supplement the supply of primary cadmium. With
expanded use of NiCds in EVs and in portable equipment, the demand for cadmium should rise
sharply. If secondary cadmium can be used to make new NiCd batteries, as secondary lead is used
to make new lead-acid batteries, then the recycling of NiCd batteries should be able to create and
sustain its own market. |

|

243 Nickel-Metal Hydride |

Markets for secondary NiMH products are difficult to find. Many of the markets where
products of NiMH recycling could be sold have very strict process input purity requirements. It is
clear from research that has been conducted at the Bureau of Mines and TWCA that all of the
metals in the hydrides will not be able to be ret%overed economically with the current state of
recovery technology. Some of the metals will simply fall out as slag, while others will be
incorporated into a nickel-vanadium-ferroalloy ancﬁ be sold to the most probable market, the steel
industry. NiMH batteries will be present in much larger quantities than NiCds, according the
predictions in Table 4. By 2005, there could be close to 4,900 tons of spent NiIMHs available for
recycling, and as much as 25,300 tons in 2010, wit}p a nickel content between 15% and 50%. Due
to the large supply of ferronickel from nickel containing batteries in addition to the supply from
other steel scrap, it may be difficult for nickel battery recycling to sustain itself solely on the
stainless steel market.

Other materials that could be produced from NiMHs are nickel salts, vanadium, titanium
compounds, zirconium compounds, rare earth metals, and potassium compounds. Nickel salts, such
as nickel chloride, nickel sulfate, and nickel carbonate, do not have a very large or expanding
market. The domestic nickel chloride demand is near 8,000 metric tons. Presently, France and
Finland are supplying about 90% of the productiqn. There do not appear to be new markets for
NiCl,, and demand for the current markets has not been rising. The total demand for nickel sulfate
and nickel carbonate together is only about 3,400 metric tons. Nickel sulfate, mainly used in nickel
plating, has been imported from Finland and Belgium for many years in fairly constant quantities.
Nickel carbonate has traditionally been used for pH control and metal finishing, and could also be
used for electrogalvanizing. Unfortunately, the recycled nickel carbonate would not be able to meet
the feedstock purity requirements for electrogalvanizing, which would be the case with most of the
metal products of NiIMH recycling [65].

The remaining products of NiMH battery recycling do not appear to be very marketable.
The titanium compounds produced in recycling would not meet the concentration requirements for
feedstocks for the manufacture of titanium dioxide. Zirconium compounds could be used to
produce glass refractories, but the industry only accepts secondary materials when there is a supply
shortage. The rare earth metals would be far too expensive to recover separately. The only
possibility at this point would be to produce a misjh metal, which contains an undesirable AI(OH),
impurity. Rare earth metal producers feel that the secondary misch metal would not be a suitable
feedstock. The potassium product recovered would be potassium chloride, which is used in
fertilizers. However, the recycled material contain;s a high concentration of sodium chloride, which
may make this material undesirable to the fertilizer market. Vanadium may have a market in the
steel industry, but it would probably be more feasible to recover this in the alloy, rather than to try
and separate it into a pure form [65].

2.44  Sodium-Sulfur/Sodium-Nickel Chloride

The only readily salable products of NaS and Na-NiCl2 battery (also classified together as
sodium-beta batteries) recycling are sodium chloride, sodium sulfate, soda ash (sodium carbonate),
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and nickel metal (the market assessment of nickel has been discussed previously in the sections
relating to NiCd, NiFe, and NiMH batteries). Sodium polysulfides have no real market value, and
their final destination would probably be a landfill. Sodium chloride production and consumption
have remained steady around 36,000 and 39,000 metric tons respectively. Uses of this product are
in the chemical industry, food and agriculture, ice control, and water treatment. Soda ash
production increased by about 18% between 1980 and 1989, while consumption remained stable
around 6.5 million metric tons. Soda ash is used primarily in glass, but is also used in soaps and
detergents and in the chemical industry. Both production and consumption of sodium sulfate have
dropped by about 30% since 1980. The largest use of sodium sulfate is in soaps and detergents,
accounting for about 45% of the market demand, with pulp and paper and glass making up the
remainder of the demand. The total demand for all three compounds in 1989 was 46.2 million
metric tons. Our market scenario of EVs in California (Table 4) predicts that by 2000, sodium-beta
batteries will account for only 2% of the EV market. Based on this assumption, there would only
be about 360 tons of spent sodium-sulfur batteries in 2005 and about 2,000 tons of spent sodium-
sulfur batteries in 2010. These usage figures are based on sodium sulfur batteries entering the
market in 1998 and supplying 2% of new LDVs and MDVs between 1998 and 2005. The amount
of spent sodium-beta batteries on the market in any given year will probably not overwhelm the
market [68, 69].

2.4.5 Lithium Batteries

Recycled products from lithium batteries can easily be sold to the cement or ceramics
industry. The lithium salts help to give these materials better flexibility and expandability. Toxco,
a lithium battery recycler in British Columbia, has reported no difficulty in selling their lithium
carbonate product based on the purity of the salt. The cement industry does not require a high
purity feedstock, since any impurities will be burned off in the kiln. The demand for cement has
risen from 70,000,000 metric tons in 1980 to 83,000,000 metric tons in 1989, but the percentage of
this associated with a demand for Lithium salts is unknown. Other uses of lithium compounds are
in the aluminum industry, in air conditioning, greases and lubricants, synthetic rubber, specialty
glass, and in new batteries. Whether or not recycled lithium can be reused in batteries remains to
be seen, as the larger industrial and automotive sizes have not been significantly manufactured or
recycled up to this point. Based on our EV market scenario (Table 4), lithium batteries will enter
the market in 1998, altogether powering about 20% of the new EVs. For the near-term, lithium-ion
batteries are expected to prevail over the other types of lithium batteries. Determining the amount
of available lithium battery scrap is difficult, since the weight of lithium-ion EV batteries can only
be estimated at this time. However, if the predictions of Tables 4, A4, and AS prove accurate to
any degree, additional recycling plants will almost surely have to be sited in the United States.
Based on these assumptions, there could be as much as 77,000 tons of spent lithium batteries on
the market by 2010. It is also difficult to determine if the amount of lithium scrap that will be
available will all be salable, based on market conditions, or whether it will have to be landfilled.
Total domestic consumption of lithium for all uses has remained stable around 3,000 metric tons.
It appears that the supply of lithium battery scrap may exceed the demand for lithium of all types.
Unless other uses of lithium are found, such as recycling it back to batteries, a large portion of the
lithium scrap may end up in landfills [68, 69].

2.4.6 Zinc Batteries

There are many markets in which secondary zinc could be sold. The main market for zinc
is galvanizing, with zinc-based alloys and brass and bronze production as strong second and third
markets. Between 1970 and 1980, zinc consumption decreased slightly, but between 1980 and 1990,
consumption increased steadily. Production has also been on a steady rise since 1980, but the
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demand still far exceeds production. This trend explains the steady rise in the market price since
1970, both in the U.S. and on the London Metal Exthange. Table 9 shows the total U.S. production
and consumption figures along with market price fpr 1970, 1980, and 1989. It is not expected that
zinc-air batteries will flood the market with secondary zinc to the extent that the supply will exceed
the demand. Our market share scenario indicates [that zinc-air batteries will not even significantly
impact the market. These batteries have a theore ical life of around fifteen years, so they will not

be recycled for many years after their introduction
all users was 183,000 metric tons [68]. Even if 109
zinc-air batteries, this would represent only about 2
content of 45%. Thus, the battery scrap would ma
for zinc scrap. Thus, problems are not anticipa

recycling.

25 ISSUES FOR BATTERY RECYCLING

2.5.1 Establishing Battery Recycling

Encouraging the recycling of batteries in
facilitating transport of the battery to a central co
size of the deposit and the rules governing the depo
second issue is whether recycling should be pursue
available. The primary consideration is whether
evolution of the battery market by burdening som
through 2.5.2.6). A summary of the main issues ir

2.5.1.1 Getting the Batteries to Central Collection

The size of the batteries, the number of elej
with the batteries’ component elements strongly
centralized collection of used batteries is needed.

battery return are legal prohibitions and incentive

Legal prohibitions. A legal prohibition on th
consumer dump sites would require enforcement.

Table 9. Domestic zinc production a

In 1980, the total demand for zinc scrap from
b of the near-term EV fleet were powered with
400 tons of spent batteries, with an average zinc
e up only a small fraction of the recent demand
ted in absorbing the supply from zinc battery

volves two main issues. The first concern is
lection point. This is primarily affected by the
pit system (Sections 2.5.1.1 through 2.5.1.3). The
i as an alternative to other disposal alternatives
recycling, mandated as such, will distort the
= technologies more than others (Sections 2.5.2
the pages that follow appear in Table 10.

Points

ctric vehicles, and the disposal issues associated
indicate that a systematic effort to provide for
The two techniques commonly used to insure

5.

e free disposal of batteries in landfills and other
In all likelihood, the prohibition would be only

nd consumption: 1970, 1980, 1989

1970! 19807 1989
(metrjc tons) | (metric tons) | (metric tons)
Total Production 870,000 380,000 805,000
Total Consumption 1,420,000 1,154,000 1,340,000
Price (U.S.$/kg): United States 340 830 1,830
Price (U.S.$/kg): London (LME) 290 760 1,690

1. Reference 70.
2. Reference 69.
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partially effective. Some enforcement would be needed to prevent the collection and illegal disposal
of large numbers of batteries. However, minimizing the need for enforcement is clearly
advantageous to society.

Incentives. An incentive system will provide for higher return rates at lower cost to society
overall. There are two possible kinds of incentives: requiring a deposit when the battery is first
purchased, or relying upon the battery’s scrap or recycling value. A disincentive, such as charging
a disposal fee for the old batteries to purchasers of new ones (in imitation of the charge sometimes
levied for the disposal of used engine oil) would be counterproductive to recycling.

Relying on a possible scrap value will not provide for systematic and dependable battery
collection, because some batteries will have higher scrap value than others. Unless the materials
used in the battery are valuable, prices for recovered battery elements will provide only minimal
incentive for battery return. Due to materials market fluctuations, the incentive may vary from year
to year. In addition, there will be wide discrepancies in the cash value of the recycled components
among the various battery technologies.

A mandatory deposit at the time the battery is purchased would ensure that all batteries
were returned to central collection points. Mandatory deposits are currently in effect in California
for car batteries, and recycling has achieved a 95% return rate. The appropriate size of the deposit
merits some evaluation.

2.5.12 Deposit Size

The desired size of the battery deposit will have to take into account several different
factors, some of which will be discussed later, in Section 2.5.2.6. This discussion will focus on the
balance to be struck between (1) reducing incentives for theft and (2) assuring an adequate return
rate. In the following sections, we will suggest that a deposit on the order of $100 for light duty
vehicles will be adequate to accomplish the second objective without unduly encouraging theft.
Appropriate deposits for medium duty and heavy duty vehicles, which require 2 times and 4 times
the battery capacity, might be $200 and $400, respectively.

Theft

As the electric vehicle market expands, used batteries will be in demand. Even today’s
vehicles are readily stolen and taken to “chop shops” for the resale of parts. The EVs of tomorrow
may be easy to steal because of their size. The battery will, at least with some technologies,
constitute a high-value item (possibly worth thousands of dollars) that may be readily sold on the
black market. Stationary applications may develop for these batteries which could widen the
demand for them on the black market.

Currently sound equipment worth as little as $100-$200 is a frequent target of opportunity
for theft. Batteries sufficient to power an LDV will be considerably more difficult to remove and
carry (on the order of 1,000 Ibs.) but they could provide a tempting target for more sophisticated
auto thieves.

It is possible that the resale value of stolen batteries on the black market will, by itself,
generate battery theft. In this case, the effect of the deposit on theft will be partially determined
by the rules governing the deposits and partially determined by the size of the deposit relative to
the black market value of the batteries. An “open return policy,” where anyone who turns a battery
in 10 a collection point is eligible to receive a deposit refund, would most facilitate the collection
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of batteries but, if the deposit is too high, would also promote theft. A “closed return policy”
whereby only the original buyer of the battery is allowed to collect the deposit, would discourage
theft but would also require an expensive administrative burden, perhaps leading to the equivalent
of a vehicle-specific title or pink slip for batteries. The closed return policy would have the effect
of freezing out of normal collection/disposal channels the portion of batteries that enter the black
market, either through vehicle theft or specifically targeted battery theft.

Scenario 1: *Open Return” Deposit Policy

In this scenario, anyone who shows up at a collection point with a battery is entitled to a
refund. Thieves will sell into the black market if the price is higher, or to the collection point,
where the established deposit value will set a floor price for all used batteries. Therefore, the
higher the deposit, the greater the incentive to steal the batteries. The policy objective is to set a
deposit price level which strongly encourages the return of used batteries without encouraging theft.

Users of stolen batteries would have no problem returning them for the deposit when the
battery life was ended. The “open return” policy would not address the social problem of battery
theft, but it would provide a strong incentive to make sure all batteries are disposed of in an
environmentally safe manner.

Scenario 2: “Closed Return” Deposit Policy

In this scenario, we hypothesize that a computerized battery registration is in effect
statewide. The owner of the battery can trade in a battery only by providing proof of original
purchase.

Stolen batteries would less readily be sold to collection points. Purchasers of stolen
batteries, after having used them, would have no means to return them legally. The batteries would
probably be abandoned or disposed of in an illegal manner.

A registration/enforcement technique such as this might diminish the social problem of
battery theft, which would then be driven by the black market value of the batteries, but increase
the environmentally unsafe disposal of batteries.

A “closed return” deposit policy would also have the effect of discouraging freelance
collectors of batteries. Special permits, however, might be given to auto dismantlers and others to
turn in large quantities of batteries for the deposit. An unlicensed individual who turned in a large
number of batteries in the course of the year would enter the database many times and could
potentially be targeted by enforcement authorities as a “fence” for a stolen battery operation.

It should be underscored that a “closed return” deposit system would not prevent battery
theft. It would merely reduce, without eliminating, the stealing of batteries for the express purpose
of selling them back to the deposit system. It would cause problems for the buyers of the stolen
batteries, who might not be aware of their provenance. The “closed return” system might
effectively eliminate from environmentally safe collection and disposal the fraction of illegally
procured batteries.
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Legal Salvage Operations

Many batteries will be returned through normal auto dismantling and scrapping operations,
as they are today. The deposit-related problem is to ascertain what the scrap value of an electric
vehicle would be.

Today, older vehicles are worth about $50-$150 in scrap depending on their size, weight, and
construction. In major urban areas this value is not sufficient to encourage all owners to return
their vehicles to scrap yards. However, it is sufficient to support towing operations that are
specialized in the removal of abandoned vehicles.

We know, therefore, that at an average value of $100 per vehicle (1) many people will still
not turn the vehicle in on their own, and (2) the fee is sufficient to support specialized collection
services.

Battery-powered vehicles will be no different, but their scrap value may be less. They will
be composed of plastics and composites which may be recyclable but not fetch a salvage price
equivalent to steel. This would increase the number of abandoned vehicles in the long run, and also
decrease the incentives for firms specialized in vehicle collection to bring the abandoned EVs in for
proper disposal.

A battery deposit could be a surrogate for scrap metal value. That is, the battery deposit
could be set high enough to insure that the incentive to bring the batteries to a collection point is
at least as high as the current incentive to return a vehicle. If the total vehicle/battery value is too
low, the incidence of abandoned vehicles will increase, and the efficiency of collection by specialized
firms will decrease below current levels. If the battery deposit is set too high, it may act as an
incentive for theft, as discussed above.

It should be pointed out that in the current system of abandoned vehicle collection, the
incentive to bring in a vehicle decreases with its distance from a major urban center, where
automobile dismantling and scrapping facilities are typically located. The early generation of EVs,
due to range considerations, are not likely to venture far from the urban centers. But later models
at greater distances from auto dismantling facilities might be abandoned rather than returned, and
there will be insufficient economic incentive to tow them in. Depending on the battery technology,
EVs abandoned to the elements may pose health or environmental risks significantly greater than
today’s vehicles. If this is the case, then a higher battery deposit or other incentive for the
collection of abandoned vehicles in remote areas might be necessary [72].

Growth of a Deposit Pool

If a fee on the order of $100 is collected per EV in operation a sizable fund of money will
result. This fund will be constituted of (1) the actual deposit; (2) earned interest on the deposit
funds; and (3) lost deposits from batteries which haven’t been returned.

As can be seen in Figure 13, the income from the battery deposit pool will rise to significant
dimensions if forecasts prove accurate. The income from the deposit fund will reach or exceed $2-3
million annually in the year 2002-2003. By 2010, it will be nearly $8.2 million, growing to $12
million by 2015. These estimates are based on a number of assumptions about interest rates and
the number of vehicles in use, as well as size of deposit by vehicle (see the breakdown in Table 11).
A higher deposit size would generate increased income: $150 per light-duty vehicle would not be
excessive and if scaled for the other vehicle types would result in a 50% increase. The income
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generation of the fund could exceed $18 million in 2015 on a fund size of $137 million. The non-
returned battery portion (estimated at 5%) would provide nearly half of the expected fund income
yield, interest bearing investments providing the rest.

The fund’s size and related income stream will be proportionate to the vehicles in
circulation. Recent events surrounding California’s negotiations over the Federal Implementation
Plan and State Implementation Plan indicate that the fleet average HC requirement under the
ZEV-LEV program could fall from 0.062 HC/g/mi. in 2007 to 0.025 HC/g/mi. If this change is
adopted, the EV portion of the light duty vehicle fleet could rise faster. The battery deposit fund
would be considerably larger than forecast here.

It would be wise to make provision for the use of these funds at an early date, as the degree
of controversy of how to use the funds will be proportional to the quantity of the money in the
deposit pool. This section will briefly review some critical aspects of the deposit fund’s operation.

1. Who will hold the money? Battery vendors or manufacturers might hold the deposits.
The interest income would likely be kept by the vendor, and the fund might provide
an asset against which they could borrow. This approach has the advantage that the
deposits could be returned directly to the consumer by the vendor at the time a battery
is turned in. There would be a risk of losing the funds to business closings,
embezzlement, or bankruptcies. Attempts to monitor the size of the deposit pool,
collect interest, or ensure fair return of deposits to the customer could provide an
expensive administrative burden (e.g., where would the refunds come from if a
manufacturer, or even an entire technology, went bankrupt?).

An alternative approach would be to have the State Board of Equalization collect the
deposits in much the same way that sales tax is collected today. The money could be
held in a special account, possibly in an instrument such as state bonds. The
disadvantage is that either the customer or the vendor would have to apply to the state
for a refund at the time the battery is returned. The deposit pool’s liability in the
event of the bankruptcy of a manufacturer would be covered.

2.  Who will profit from the interest income? The interest income could be given back to
consumers upon handing in their batteries, i.e., deposit + interest. This might be
necessary to preserve the value of the deposit as a return incentive if battery lives reach
the point (e.g., 10 years) where inflation could significantly diminish the value of the
deposit. At 3% inflation per year, the real value of a $100 deposit after 10 years is
$73.74. Higher inflation rates would lower the real value even further; to the extent
that inflation occurs, the incentive power of the deposit will erode, leading to a lower
incentive to return the batteries.

Alternative uses for the income stream from the bond fund might be to fund research
and development of electric vehicle technology, including better batteries or fuel cells.
Or, the money might be used to develop better waste disposal and recycling for
batteries. A “dedicated use” for the funds would be more effective for the future of
electric vehicles than having the income go into the general state revenue fund.

A final possibility is that the income stream from the fund could be turned back to the

vendors in proportion to their sales; or it might be lent to them to help them develop
their recycling operations. Returning the money to the battery vendors/manufacturers
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has the virtue of giving participants in a difficult, potentially high-risk market a slender
increase in their total return.

3. Who will keep the funds from non-returned batteries? If the current non-return rate for
lead-acid batteries is maintained, 5% of all batteries will “disappear” from the system.
The distributional issues and options are the same as for the interest income.

The deposit fund will have to make a determination as to when a battery is presumed
“missing in action” for the purposes of the deposit. This will vary depending on the
technology of the battery. A time period two standard deviations from the average
battery life (by definition covering 95 % of the batteries } of each technology type would
provide a conservative margin for the fund to declare a battery “missing in action” The
deposit money could either be left in the fund, to add to the principal which generates
the interest income used to finance electric vehicle-related research and development,
or released directly to that research (or other activity).

2.5.13 Conclusion Regarding Deposit Necessity and Size

Given a choice between requiring a deposit or relying on the recycling value of the battery,
a deposit is necessary because the recycling value of the different battery technologies reviewed in
this report is not stable enough, nor in all cases high enough, to insure the regular collection of all
battery types under all price conditions. Automobile scrappage is an example of recycling which is
driven by the market value of the metal, but one consequence of relying on this technique is that
when scrap metal prices are low, vehicles accumulate on the streets or in wrecking yards. Because
of the environmental hazards, some battery technologies should not be allowed to accumulate.

A firmly established system for collection of deposits would add regularity and predictability
to battery collection. Deposits could be uniformly used to insure battery collection regardless of
battery type. Not all battery types will be fully recyclable, but getting the batteries to central
collection points will at least permit them to be disposed of according to the particular disposal
hazards each type represents.

This report recommends that the deposit for the battery pack per vehicle be set roughly
equivalent to the current scrapping value of old cars ($100-3150). This fee would not be enough
to encourage all customers to bring their vehicles/batteries to an appropriate disposal site, but it
would support a vehicle/battery recovery system roughly equivalent to today’s operations for the
towing and scrapping of abandoned vehicles. Yet it is low enough that the battery deposit would
not constitute, in itself, a value that would make the batteries a special target of opportunity for
theft. The value of the battery deposit would be neither particularly greater nor lesser than the value
of other systems on the automobile, such as the sound system and tires.

The deposit pool of funds that will grow as a result of the operation of a deposit system to
insure used battery collection will represent a significant fund of money, though at its inception it
will be relatively modest. One possible use of such a fund is to encourage electric vehicle
technology, or more specifically, battery recycling. Other uses might be determined during the
legislative review process.

The choice between setting up an "open return” deposit system and a “closed return”

deposit system will need to be made as a result of public process and further consultation with the
general public and with experts, particularly law enforcement agencies and insurance companies.
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252 Competitive Impacts of a Recycling Requirement

Regulatory requirements will have unequal impacts on market participants. Policy decisions
about the necessity and extent of hazardous material reclamation and recycling will affect the
competitive positions of firms, because not all firms will be equally capable of meeting the same
requirements. Moreover, the ability of firms to meet recycling or other disposal requirements will
vary with time as well as with technology. That is, a firm may be able to employ certain kinds of
reclamation techniques only after a certain number of years of operation, when the volume of
returned batteries reaches a certain threshold level.

It is assumed in this section that all batteries will be disposed of in a manner consistent with
federal and state requirements. These requirements may have discriminatory effects, but they are
already in place. The specific issue here is whether the recycling requirement as such can be applied
uniformly to all battery technologies.

2.52.1 Recycling: Content Targets and Definitional Problems

The current best model of battery recycling is the lead-acid battery industry. The 95%
return rate to recycling centers is admirable and a significant step; moreover, virtually the whole
lead-acid battery is relatively cost effective to recycle.

Should this therefore be the model of all other battery designs? Not necessarily. The
disposal of some batteries may pose worse problems for the environment and the public health than
the current lead-acid technology. A 95% return rate might not be sufficient, for example, to
ameliorate the more significant hazards posed by Na$S or other molten salt batteries. For high
hazard batteries, special deposit, return or registration requirements might be necessary. Or, a high
performing battery may have very low impact disposal consequences, but it might be recyclable only
at great cost, or there might be high risk environmental consequences associated with the recycling
technology. It would not make sense to impose a 100% content recyclability on such a technology
if that requirement meant keeping the battery off the market, or imposing an exorbitant entry cost
on it.

In addition, there can be no definitive rule concerning “open loop” or “closed loop”
recycling. The lead-acid battery is a “closed loop” recycling process where a portion of the next
generation of batteries can be made from the previous generation. By contrast, in the NiCd battery
the reclaimed nickel cannot be used in the next generation of batteries, but it can be used as a
ferronickel in stainless steel. The nickel is recycled into another market: an “open loop.” Still
other battery components may be relatively innocuous but have no prospect other than a landfill

2.52.2 Impact of Regulations

Regulations must always have a competitive impact. Battery deposit requirements in the
range of $100 to $150 will make it incrementally more difficult to sell EVs. This effect, however,
will probably not be as important as the variable competitive impacts of collection and recycling
requirements on battery manufacturers or vendors.

The two major areas of discriminatory impacts will be in distribution/collection facilities and
in processing.
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2.52.3 Distribution/Collection Facilities

The infrastructure for the sale and recuperation of lead-acid battery technology is already
in place. Vendors are potentially major collection sites, as are automobile dismantlers.

In the usual battery replacement operation, an EV owner will buy the same kind of battery
from a vendor and a vendor will take the old one. However, the replacement battery may not use
the same technology as the original. For example, a NiCd manufacturer may design a NiCd
replacement battery for a vehicle originally sold with a lead-acid battery. But if vendors do not take
batteries of other types or from other manufacturers, then there will be an incremental expenditure
of effort which will discourage some people from taking the time to find out where they can dispose
of their batteries. As a result, many batteries may end up in backyards or garages.

This situation may sound improbable but in fact may occur rather frequently. A large
secondary battery market may develop, and not all of these batteries will be returned to vendors
at the time of replacement. This scenario may occur for the following reasons:

1. As performance of their battery pack decreases, some owners may choose to “unload”
their used battery packs before they are totally unusable, so they can enjoy the superior
performance of a “fresh” battery pack. They may sell their used battery packs to other
buyers in the usual arenas: flea markets, classified ads, etc. An owner of an aging EV,
which happens to have a relatively new battery pack, may try to sell the battery and
scrap or abandon the vehicle itself. Sodium-beta batteries, if they last for their currently
maximum predicted lives of 16 years, will outlive many of the vehicles they are placed
in and enter the secondary market through various routes.

2. Battery manufacturers will attempt to manufacture compatible battery types. The first
wave of EVs will probably be dominated by lead-acid technology. But those vehicles are
not necessarily going to be lead-acid vehicles for their whole lives. Rival battery
manufacturers may attempt to design or retrofit for the existing market. - If a
breakthrough occurs, EV owners might flock to the new battery technology without
necessarily buying new EVs.

3. Battery packs may be sold as “single units.” That is, one way to imagine an EV battery
is several large batteries contained in one large plastic case. While in use, these
batteries would always be together. Their removal and replacement might require
several strong people, a forklift, hoist, or other specialized tool.

Partial battery pack replacement may, however, emerge as a possibility. Manufacturers may
choose to make the batteries easier to manipulate in common use, so that both professional and
home mechanics will easily be able to replace them. An EV’s total battery pack could therefore be
composed of (for example) four or five (or more) physically separate units. This would reduce the
high consumer deterrent effect of a $1,000 to $3,000 full battery pack replacement, and permit
phased replacement of the individual battery units. The effect on recycling would be to encourage
home battery switching and increase the number of batteries circulating independently of their
original vehicles.

Thus, a large number of batteries may circulate in the secondary market. Consumers will
arrive at various collection points expecting that their particular battery type will be accepted for
a deposit refund. If the collection system allows vendor/collection points to discriminate against
battery types. than the less-used battery types will have more difficulty being returned.
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Difficulty in returning the less-used battery types could result in a competitive disadvantage
for some manufacturers. On the other hand, it is also true that a vendor of a less-frequently used
battery type might not want the trouble of serving as a collection point for a more numerous rival
battery technology. A lithium battery vendor who has made necessary arrangements for the
collection and shipment of lithium batteries may find it unfair to have to cope with lead-acid
batteries both because it is inconvenient and because his/her own battery handling and storage
equipment might not be appropriate.

There is no prior experience for resolving this issue. In New York, supermarkets are
allowed to, and in most cases do, refuse deposit refunds to consumers who arrive with bottles that
are for products not sold at that store. Automated machines which collect these bottles, crush or
shred them in situ, and issue a deposit refund slip, are equipped with sensor systems to reject
inappropriate bottles. The result is that consumers often (though not always) leave rejected bottles
in the stores’ trash cans. These orphaned bottles therefore escape collection and are landfilled.

A deposit system that aliows discrimination at the point of collection will have such an effect.
The deterrent effect of the deposit will be diminished if partial battery pack replacement is possible.
An EV owner who is trying to dispose of 1/5 of a total battery pack (perhaps with a deposit value
of $20) will not necessarily want to drive across town to get rid of an unusual or rare battery type
which has been refused by a nearby vendor/collection point. A number of possible alternative
disposal options are available, including abandoning the battery at some site or heaving it into a
nearby store’s dumpster. The negative environmental impact of the landfilled battery will be
dependent on the technology of that particular battery. The frequency of such practices will vary
inversely with the size of the deposit and directly with the difficulties (and costs) associated with
getting the right battery to the right collection point.

Unfortunately, neither deposit fees nor open return of all battery types will guarantee a
100% retrieval rate, but it is clear that anything done to reduce obstacles faced by consumers will
increase the rate of battery return.

2.5.2.4 Recyclability Requirements

In addition to the deposit fee, the question of recycling options is probably the major market
organization issue to be faced by regulatory agencies in implementing the ZEV requirement. The
popular conception of recycling, as symbolized by the universal symbol of three arrows arranged in
a circle and printed on many containers, reflects what we term “closed loop” recycling: the product
is made, used, and the recoverable portions of the product are processed and sent back to be
reincorporated into the next generation of product. Of the current technologies in wide-spread use,
the lead-acid battery comes closest to representing this ideal in EV technology.

In reality, however, recycling offers challenges which are specific to each product. When the
end result of reprocessing a product results in a pure marketable commodity, such as silver,
aluminum, or steel, it is superfluous for recycling advocates to mandate the reincorporation of
recovered materials back into the same product. For example, there is little to be gained, from the
point of view of conserving resources, in mandating that 50% or 100% of new automobile steel
content come from the previous generation of automobiles. The “open loop” recycling of steel in
the international market will permit efficient allocation.

Some materials may require “open loop” recycling because the product is changed in use
and is no longer suitable for its first use. The nickel in a NiCd battery is best reused as ferronickel
in stainless steel. It so happens there is a market for this recovered material; but if there were no
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such market, requiring the full recycling of the nickel back into the next generation of NiCd
batteries would effectively be regulatory discrimination against the development of this technology.

One could in theory impose a “closed loop” recycling requirement. This has been done with
plastic bottles, where the recycled plastic is not cost-effective relative to new plastic. The market
for recycled bottle plastic must be created by regulations. Although there no doubt is variability
among bottle manufacturers which makes this requirement more difficult in some cases than in
others, the plastic bottle market is much more homogeneous than the expected EV battery market.

This lack of homogeneity means that even a sophisticated regulation that required “closed
loop” recycling as a first option and “open loop® recycling as a second option would still have
discriminatory effects: Lithium recycling could meet “open loop” requirements, but the nitrogen
freezing process needed to render the lithium inert could be a fundamental cost disadvantage
relative to lead-acid or NiCd recycling.

2.52.5 The Regulatory Issue

Assume that all state and federal standards needed to protect the environment and the
public health are met by all battery technologies. Add to the goal of safe disposal a recycling
requirement. This may reflect concerns about landfill space or the possibility of long-term waste
degradation not currently covered by regulations; or, perhaps, a concern that enforcement will not
reach full compliance.

The question regulators may have to face is whether to impose significant cost disadvantages
for the express purpose of recycling a battery even if the effect is to raise costs prohibitively or
discourage the introduction of a technology that may guarantee much wider acceptance of EVs and
help clean the air.

There is no one requirement, such as full closed-loop recycling, full open-loop recycling,
mixed closed- and open-loop, partial recycling (10%, 50% of materials), etc., which can effectively
be written at this time to cover all the different permutations of recycling possibilities. Many of the
batteries are not even in production yet, and their eventual cost cannot be precisely determined
even starting with the assumption of raw materials only, much less adding in recovery and recycling
requirements [73].

Furthermore, the elements of time and market share are a component of cost. A firm that
cannot envision recycling for 1% of the market may be able to do so 5 years later if it has 10% of
the market. If the firm immediately captures 20% of the market, it may be able to introduce
recycling on very short order. Also, recovery and recycling technology will evolve in the normal
course of process innovation.

Should it be shown that a given battery technology, in spite of good performance
characteristics in a vehicle, poses an extreme risk in the disposal end of its life, then it might be wise
to prohibit it from use until such time as the disposal problems are more satisfactorily resolved.

2.52.6 Recycling as a Reasonable Objective: Recommendations

To avoid discriminatory cost impacts on desirable new battery technologies, recycling will
have to be evaluated as a “desirable and reasonable goal” towards which all manufacturers should
be expected to make progress. This goal will have to be weighed against the full range of issues

associated with disposal, cost effectiveness and vehicle performance, etc. Progress towards the goal

53



of recycling in all vehicle technologies will only occur if it is required and part of the legal conditions
for participating in the market. Otherwise, recycling will only occur in such battery types as have
reclaimable components that can readily be marketed or reused, and even so, such marketing and
reuse may depend on fluctuating raw commodity prices.

The regulatory process will have to be flexible enough to evaluate each battery technology
depending on:

1. The kinds of disposal problems it represents
2. The costs of the various disposal/recycling options

3. The contribution each battery type may make to getting cost-effective, long-range, high-
performing EVs into general use

4. The extent to which market penetration and development time may change or improve
the prospects for more stringent recovery/recycling requirements

5. Such miscellaneous health and pollution issues involved in procurement, processing,
transport of raw materials, transport of the finished product to the consumer, potential
safety hazards in use, and problems relating to the recovery and transport of the used
batteries to recycling or disposal facilities, as may arise with regard to each battery type

This would indicate that some kind of public process would be necessary to evaluate a new
battery technology and determine the appropriate disposal or recycling for that technology.
Moreover, these arrangements would have to be reviewed periodically; review could be triggered
by time (e.g., every 5 years), by market share (e.g., when 2% is reached or exceeded) or by units
sold (e.g., when 10,000 batteries have been sold). The process should be designed to centralize and
expedite th: Jecision-making and permitting by the air, water, solid waste, and hazardous materials
authorities, allowing the applicants to address all of these issues at one time.

If the vehicle battery market proves highly competitive, with many technology types in use,
the equity issue among battery producers will be an object of contention. Arguments will be
advanced by successful manufacturers that prospective competitors ought to meet stringent
processing requirements, in the hope that a new market entrant will find “recycling equality” a
prohibitive barrier to market entry. Permitting hearings may provide platforms for the makers of
one battery technology to describe the supposed dangers or defects of a rival. It would be
preferable for the regulatory authority to have an advisory board of non-industry experts whose
testimony or “report of findings” could be used as a source of disinterested opinion during the
permit process.

Arguably, manufacturers might prefer a simple, make-or-break objective, such as 50%
closed-loop recycling, to the regulatory process proposed here. This seems unlikely to be effective,
given the wide variety of technologies and their high variability with regard to toxic or hazardous
components and eventual disposal problems. It would seem advisable however for the question of
how to achieve reasonable progress towards recycling of all battery types to be put before the
interested parties  (environmentalists, waste treatment/landfill authorities, automobile
manufacturers, battery manufacturers, etc.) in workshops and public hearings at the earliest possible
date.



We should also note that even though the current legislative tendency has been to exempt
batteries in household waste streams from recycling or hazardous waste requirements under RCRA,
the proliferation of battery recycling of all types under the ZEV requirement may provide an
opportunity to collect consumer dry cells. There are a significant number of disposal risks
associated with these {74]. The opportunity to take care of the dry cell waste problem while
organizing large-scale collection and disposal/recycling of ZEV batteries should, perhaps, not be
passed up.

2.6 REGULATORY ASSESSMENT

As has become apparent with small nickel-cadmium battery recycling efforts, hazardous
waste disposal requirements can have a significant damping effect on well-intentioned recycling
proposals. In addition, any new recycling facilities will have to obtain appropriate operating permits,
which may include land use, air, and water permits in addition to hazardous waste generator or
transportation, storage, or disposal permits. In order to facilitate more effective battery recycling,
all of the pertinent regulations need to be addressed to determine how the current system could be
maodified to better accomplish this task.

2.6.1 Overview of RCRA Regulations

Subtitle C of RCRA governs the management of hazardous waste. This subtitle details the
requirements for permitting, operations, cleanup, and disposal, and lists the criteria established by
EPA for identifying hazardous waste. A waste is listed as a characteristic waste if it exhibits one
or more of the following: ignitability, corrosivity, reactivity, or toxicity. EPA has also established
hazardous waste numbers, listed in 40 CFR Part 261, for wastes from specific and nonspecific
sources. Characteristic waste categories are assigned the following numbers: ignitable-D001;
reactive-D002; corrosive-D003, and toxic-D004-D043. The toxicity characteristic is determined by
the toxicity characteristic leaching procedure (TCLP) test. All of the batteries discussed in this
study, except lead-acid, would be categorized as hazardous waste, either based on the metals or
electrolyte content [75]. :

Certain hazardous wastes, such as lead-acid batteries, are exempted from RCRA. If the
waste is hazardous, the volume generated must be monitored to determine if the generator can be
declared a conditionally exempt small quantity generator (CESQG—those generating less than
100 kg/month), a small quantity generator (SQG—those generating between 100 and
1,000 kg/month), or a completely regulated generator (producing more than 1,000 kg/month).
Each class of generators are subject to different levels of RCRA requirements. SQGs, producing
more than 100 kg, but less than 1,000 kg in a calendar month, are not required to obtain a RCRA
hazardous waste generator permit, but are required to label all hazardous waste and manifest all
shipments through an authorized hazardous waste hauler, and send them to an authorized
treatment, storage, and disposal (TSD) facility. Fully regulated generators are required to obtain
a RCRA permit as well as obey all the rules of manifesting and using registered transporters and
TSDs [75].

All domestic shipments of hazardous waste must be manifested and shipped with an EPA
registered hazardous waste hauler. Registered hazardous waste haulers are restricted from
accepting non-manifested waste. The manifest system is a way to track waste along its path from
generator to transporter to TSD and to assign responsibility at each stage of its journey. The
manifest must be signed by the generator, each transporter, and the owner/operator of the TSD.
Each person must keep a copy of the manifest for three years. Once the shipment has reached the
final destination, an additional copy must be sent back to the generator. The generator and the
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owner /operator of the TSD must also file a biennial report to the EPA, which contains all the
pertinent identification numbers and shipping dates, and quantities and descriptions of all hazardous
waste shipped [75].

For international shipments of hazardous waste, any person wishing to export the waste must
receive written consent from the receiving country (the consignee). The EPA must also receive a
notice of intent to export and an Acknowledgment of Consent, which is a cable from the U.S.
embassy in the receiving country expressing the consent of the consignee to receive the waste. The
notice of intent to the EPA must contain a full description of the waste; the export frequency of
waste; the quantity; the points of entry to and departure from all countries en route; a description
of the TSD in the receiving country, the method of treatment, and method of shipment; and the
name and location of the consignee and alternate consignees, if any have been specified. The
shipment must be accompanied by the Acknowledgment of Consent and a manifest containing the
name and address of the consignee and any alternate consignees. The exporter must require that
the consignee sign the manifest upon receipt of the shipment. The signed copy should be returned
to the exporter. All rules of the receiving country regarding transport, treatment, storage, and
disposal of hazardous waste apply [75].

Owners and Operators of TSDs must obtain RCRA part A and part B permits, which
describe the types and amounts of waste treated, the treatment process used, and the types and
amounts of wastes that are stored and/or disposed of. The types of storage containers must also
be identified and may be subject to further regulation. They are required to keep extensive records
of their activity, emissions, and waste discharges. Some must perform emissions monitoring and
groundwater monitoring. All federal and local air and water regulations apply, and emissions
standards are often stricter for TSDs because of the nature of the materials they process [75].

California hazardous waste management regulations are nearly identical to the federal
RCRA regulations except the contaminant levels of the California TTLC and STLC tests are stricter
than the federal TCLP limits in some cases. The Hazardous Waste Control Law (HWCL) is found
in the Health and Safety Code §§25100-25249. The listed hazardous wastes and the TTLC and
STLC contaminant regulations are detailed in Title 22 of the California Code of Regulations (CCR)
§66261.24 [57). Paragraphs 66262 contain the rules on hazardous waste shipping, although they
follow the RCRA rules [76].

2.62  Air Quality Standards
TSD facilities that incinerate hazardous waste are subject to further regulation by RCRA.
Facilities that use thermal treatment, such as smelters or other pyrometallurgical devices, to recover

materials must meet the following emissions standards:

e Principal Organic Hazardous Constituents (POHCs) must be destroyed or reduced by
99.99%

e Carbon Monoxide (CO) emissions must not exceed an hourly rolling average of
100 ppmv

e Hydrocarbons (HCs) are not to exceed 20 ppmv

® Purticulate Matter (PM) emissions are not to exceed 180 mg/dscf or 0.08 gr/dsct
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e HCI emissions should not be greater than 7 mg/m> and Cl, gas should not exceed
0.4 mg/m3

® Toxic metal emissions standards are based on the metal being emitted, the stack height,
terrain, and the land use of the surrounding area [77]

These are national standards, and any state or local regulations which may be different will also
apply and may, in some cases, supersede the above standards [77].

In the Clean Air Act (CAA), the EPA set forth national ambient air quality standards
(NAAQS), which are summarized in Table 12, in order to prevent the continued deterioration of
air quality. Some states, such as Pennsylvania, where INMETCO is located, adopted these
standards into their own environmental codes, while others, such as California, have developed even
stricter standards. California ambient air quality standards (CA-AAQS) are also shown in Table 12
for comparison.

Ambient air quality standards are not source specific, but are set up for regional compliance
purposes. Each state must issue a state implementation plan (SIP) to demonstrate how it will meet
the ambient standards. In California, emissions standards for stationary sources are set by each
regional air quality management district and are coordinated by CARB into the SIP. The standards
are usually specific to the nature of the industry and the type of sources or equipment [76]. GNB
and RSR, the two southern California secondary lead smelters, are under the jurisdiction of the
SCAQMD.

Table 12. National and California ambient air quality standards

NAAQS CA-AAQS
Criteria
Pollutant Primary Standard Secondary Standard Primary Standard
(6(0) 9 ppm — 8 hr avg. None 9 ppm — 8 hr avg.
35 ppm — 1 hr avg. 20 ppm — 1 hr avg.
PM,, 150 ug/m® — 24 hr avg. | Same 50 pug/m* — 24 hr avg.
50 pg/m’ — AAM! Same
Pb 1.5 pg/m* — 3 mo. avg. | None 1.5 pg/m* — 1 mo. avg.
NOQ, 0.053 ppm AAM' Same 0.25 ppm — 1 hr avg.
O, 0.12 ppm — 1 hr avg. Same 0.09 ppm — 1 hr avg.
SO, 80 ug/m* — AAM' 1,300 pg/m* — 1 hr avg. | 0.25 ppm — 1 hr avg,
365 ug/m® — 24 hr avg. 0.04 ppm — 24 hr avg,
Total suspended | 75 ug/m® — AAM' 60 pg/m* AAM' none
particulate (TSP) | 260 ug/m’ — 24 hr avg. | 150 pg/m® — 24 hr avg.
H,S Nonc None 0.03 ppm — 1 hr avg.
Vinyl Chloride None None 0.010 ppm — 24 hr avg.
Sulfates None None 25 pg/m’ — 24 hr avg.

1. AAM = Annual Arithmctic Mcan,
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Any facility that issues air contaminants into the atmosphere is required to obtain a permit
and incorporate emissions control devices into the facility vents. New sources, in addition to the
permit, are also subject to a new source review by the local air district to determine if that facility
may safely operate within that district’s emissions inventory or whether it must obtain offsets to do
so. Offsets are used when a new source exceeds a threshold limit. Facilities whose emissions are
less than the limit may bank their offsets, trade, or sell them [76].

The Federal Clean Air Act has also established National Emissions Standards for Hazardous
Air Pollutants (NESHAPS), covered under 40 CFR, Part 61 [78]. Of interest to battery recycling
may be the standard for mercury of 2300 g/day from mercury ore processing plants or mercury cell
chlor-alkali plants. California has additionally established control measures for certain toxic air
contaminants. Hexavalent chromium emissions, for example, must be reduced by 95-99.8%,
depending on the process emitting the chromium [78). CARB is also planning to add control
measures for cadmium and cadmium compounds, and nickel and nickel compounds. In addition,
California facilities with potential emissions face extensive inventory requirements. California
Assembly Bill 2588 (AB 2588), the Air Toxics “Hot Spots,” Information and Assessment Act of
1987, defines a list of over 450 toxic air contaminants in the AB 2588 appendix A-1, and requires
emissions inventories of toxics from all facilities with A-1listed substances in quantities greater than
the reportable quantities. The reportable quantities depend on the contaminant and are listed in
the AB 2588 Appendix A-1. ’

Pennsylvania, where the INMETCO recycling facility is located, has incorporated the
NAAQS for CO, PM,q, Pb, NO,, 0,5, SO, and TSP as well as the federal NESHAPS into its own
state code, and has the additional standards shown in Table 13.

Air quality regulation in Pennsylvania is centralized under the Pennsylvania Department of
Environmental Resources. Each county of Pennsylvania may be subject to different degrees of
regulation, depending on its history of compliance. Lawrence County, where INMETCO is located,
has historically had difficulty meeting the PMq standards,

As is the case with California, emissions standards for criteria and hazardous air pollutants

are source specific. They must be determined for each region, for each facility, and for each source
in that facility, based on the emissions inventories of each region. Like California, Pennsylvania

Table 13. Pennsylvania ambient air quality standards!

Concentration
Contaminant 1 Year 30 Days 24 Hours 1 Hour
Settled Particulate | 0.8 mg/cm?/mo. | 1.5 mg/cm?/mo. - -
Beryllium - 0.01 pg/m> - -
Sulfates - 10 pg/m3 30 ug/m3 -
Fluorides - — 5 ,ug/m3 -
H,S$ - - 0.005 ppm 0.1 ppm

1. Reference 79.
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also practices emissions reduction offsets for new sources and allows banking, trading, and selling
of offsets [79].

2.63 Wastewater Management

To protect the quality of our nation’s waters, the EPA passed the Federal Water Pollution
Control Act, also known as the Clean Water Act (CWA), in 1972 to protect navigable waters.
Under the Safe Drinking Water Act (SDWA), the EPA set minimum standards to be maintained
to protect drinking water. The primary drinking water standards for inorganic contaminants are
listed in Table 14. California also passed the Water Quality Act (WQA), which in many cases
exceeds the standards of the CWA. In California, Proposition 65 prohibits discharging any known
carcinogens or chemicals known to cause reproductive harm to any potential drinking water supply.
A list of 300 such chemicals is found in Title 12 of the California Code of Regulations, §12000 (b)
and (c) [80].

The state agency which governs water quality in California is the State Water Resources
Control Board (SWRCB), which is part of Cal/EPA. Under the CWA, any facility which discharges
pollution to navigable waters must have a permit. The permitting mechanism is known as the
National Pollution Discharge Elimination System (NPDES), and the EPA has granted the SWRCB
authority to administer the NPDES program in California. Each regional water quality control
board defines “beneficial uses” of water in that region, and establishes objectives to protect the

Table 14. National primary drinking water standards for inorganic contaminants!

Maximum Contaminant Level (MCL), | Secondary MCL,

Contaminant mg/L mg/L
Arsenic 0.05 —_
Barium 1.0 —
Cadmium 0.001 -
Total Chromium 0.05 -
Copper 1.3 1.0
Lead 0.05 -
Manganese - 0.05
Mercury 0.002 -
Nickel (proposed) 0.10 -
Fluoride? 4.0 2.0
Zinc® - 5.0
Nitrate” 10 -
Selenium 0.01 —
Silver 0.05 0.10

1. Reference 81.
2. Reference 82.
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beneficial uses. In California, any proposed discharge to a receiving body, other than a sewer, must
be reported to the SWRCB. If the receiving body is a surface water, the facility needs a NPDES
permit, which stipulates protective discharge limits. If the protective limits cannot be met, the
discharge is prohibited. Permit discharge conditions are based on the assimilative capacity of the
receiving water and the water quality objectives [76].

TSDs and recycling facilities are also required to have a stormwater runoff discharge permit.
This requires facilities to develop a stormwater poliution prevention program, to monitor
stormwater collection systems, and to eliminate illegal stormwater discharges to the sewer [76].

Discharges to a sewer require a permit of the local sanitation district which imposes
discharge limits. The following are typical discharge limits and conditions imposed by a sanitation
district [76].

Discharge Limit

Constituent (mg/L or ppm)
Arsenic 1.0
Cadmium 0.8
Total Chromium 25
Copper 2.0
Lead 0.6
Mercury 0.01
Nickel 2.0
Silver 0.5

Zinc 5.0
e Temperature may not exceed 150°F
e pH must be between 6 and 11.5
e Total Suspended Solids (TSS) may not exceed 500 mg/L
® Five day biochemical oxygen demand (BODs) may not exceed 600 mg/L

e Total Dissolved Solids (TDS) may not exceed 1,000 mg/L or the TDS of the potable
water supply by more than 250 mg/L, whichever is greater

EPA has also stipulated pretreatment standards for categories of industries. Title 40 CFR,
Part 403 contains general regulations for new and existing sources. Of interest to battery recycling
may be Part 413-electroplating, 414-organics and plastics, 415-inorganics, 420-iron and steel
manufacturing, 421-nonferrous metals manufacturing, and 424-ferroalloy manufacturing. Facilities
within these categories must treat their effluent before discharging it to the sewer, in order to
protect the wastewater treatment plant operations and effluent [76].

2.6.4 Facility Siting Regulations

Locating a new battery recycling facility must be based on several environmental, economic,
and human factors. Before any permitting can begin, the site must be assessed for possible
contamination from previous occupants. If contamination is found, the site must first be
remediated. As part of the permit application process, the site must be zoned to assure that it is
located in an appropriate area, ie. agricultural zones, commercial zones, industrial zones,
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residential zones, and recreational zones. Proper zoning assures the public welfare and reduces the
consequences of the NIMBY syndrome. Conditional Use Permits (CUPs) can be granted to allow
some flexibility in the zoning ordinances, provided that the facility meets the conditions of the
permit, which account for public safety, for the duration of operation. The CUP application
requires very specific information on the nature of the operation and a list of contacts, as well as
information on the present use of all the property within a 500 foot radius of the site [76].

There are several agencies involved in the permit approval process. The local water
sanitation district issues conditional permits for discharging to the local sewer, based on the nature
of the operation, the chemicals used, and the volume and composition of the wastewater discharged.
The local air quality control district must ascertain whether or not the site is within a nonattainment
area. If it is, the district must determine what offsets are required before it can issue permits. The
local water quality control board must assess the impact of the proposed facility on surface or
groundwaters. If discharges to land or surface waters are inevitable, the board must set discharge
limitations. Any above ground storage tanks are also under the jurisdiction of the local water board.
The local hazardous materials (hazmat) administering agency must also receive the facilities hazmat
inventory, as required by the community-right-to-know law. Information on the storage areas and
handling of hazmat is also required. Additionally, if the operation is identified as posing potentially
significant environmental impacts, the California Environmental Quality Act (CEQA) requires that
an Environmental Impact Report (EIR) be written. All of the local agency permits must be
approved before the planning and zoning committee can approve the application for a land use
permit. Government Code §§65850-65850.2 contains the regulations for planning and zoning [76].

The land use decision of the lead local agency will determine if the applicant may continue
with the hazardous waste facility project. The lead local agency is that local agency which has the
responsibility to approve a hazardous waste facility. The specific agency may vary by city or county.
The applicant may appeal the decision of the lead local agency, under the Tanner Appeal Process
(Health and Safety Code, Chapter 6.5, Article 8.7, §§25199-25199.14). This process allows the
applicant to appeal the land use decision of the lead local agency if the decision was made before
the environmental impact report was certified, or if conditions of the decision would be so
restrictive that it is almost as if the facility were disapproved. In order to appeal, the applicant must
already have obtained all the necessary, pre-construction, state-level permits. Concerned citizens
may also appeal a land use decision, if they feel that the conditions of the approval do not
adequately safeguard their health and environment. The appeal board acts in place of the lead local
agency, and may overturn the decision made by the lead local agency if it finds the proposed facility
to be in compliance with all of the local environmental policies, if the facility has all the necessary,
pre-construction, state-level permits, and if the appeal board has identified a definite need for the
facility. The appeal board has the authority to require the lead local agency to reverse its decision
[83].

2.6.5 OSHA and Cal/OSHA

The Federal Occupational Safety and Health Act (OSHA) was passed in 1970, with the basic
doctrine of guaranteeing safe and healthful working conditions for every working man and woman
in the country. In 1972, California signed the Cal/OSHA into law, stipulating the same or more
stringent regulations as the Fed/OSHA. Under Cal/OSHA, any employer in the state of California,
regardless of the type of business, has the following rights and responsibilities:
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Employers have the right to:

Receive free educational and training services from the state on matters of worker
health and safety

Petition for a change in the existing rules or standards
Participate in advisory committees and public hearings to amend existing standards
Request a variation on the requirements

Be present during a facility inspection by the Division of Occupational Safety and
Health (DOSH)

Dispute abatement requirements, citations, or penalties

Be protected by law, should trade secrets be revealed as the result of a DOSH
inspection

Obtain Material Safety Data Sheets (MSDS) from the manufacturer of any hazmats
which employees may come into contact with

Employers have the responsibility to:

Maintain a safe and healthful workplace for all employees
Abide by all OSHA standards, regulations, orders, and rules

Provide for employee training in safe work habits and special practices for any job
which may present worker hazards

Provide hazmat training and inform workers of contaminants to which they may be
exposed, and the permissible exposure levels (PEL)

Allow employee access to their personal medical and exposure records

Visibly post, at the place the violation occurred, any citations incurred for violations
Post the Cal/OSHA “Safety and Health Protection on the Job" notice

Permit employees to be present at any monitoring or measuring of hazard exposure

Notify an employee when he/she has been exposed to a contaminant at a level above
the PEL, and to inform the employee of how to proceed

Keep reports and records of injuries, illnesses, exposures, and various categories
required by OSHA

Develop an illness and accident prevention plan
Make employee injury and iliness records accessible to employees
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Employees have the right to:
e A safe and healthful workplace
e General training and specific training regarding job hazards

e View all MSDSs and receive information from the employer about any hazards to which
he/she may be exposed

e Refuse to do any job that violates the Labor Code or OSHA
® Be present during monitoring and measuring of hazard exposure

e Be informed if he/she has been exposed to a hazardous substance at a level above the
PEL

e View and copy exposure and medical records of any employees

e Lodge an anonymous complaint with the DOSH to request a site inspection
® Have an employee representative at all DOSH inspections

e View any citations received by the employer

® View the injury and illness records

® Petition for a revision to any OSHA standards

e Take part in appeal proceedings

e Be notified of an application for a variation in OSHA standards and take part in the
hearings

e Be present or represented at permit safety conferences
Employees have the responsibility to:

e Abide by all OSHA regulations, rules, and orders

e Not tamper with, remove, or destroy safety equipment, notices, or safeguards

e Not interfere with other employees who may be using safety equipment or safeguards

® Use the proper safety equipment provided for their protection
2.6.6 Additional Comments on Regulatory Concerns

In addition to governmental regulations, a significant barrier to the establishment of new
sources in California is the public’'s NIMBY attitude. It is the opinion of recyclers in California that
NIMBY will be more of a barrier than governmental regulations in siting any new battery recycling

facilities in California. Citizens have the right, under the Tanner Appeal Process. to appeal any
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land use decision that involves land in their community, if they believe that the decision neglected
some necessary conditions to protect their health and environment. Therefore, it will be important
to consider the expansion and upgrading of existing facilities to accommodate larger volumes of
waste and different types of battery waste, in addition to building new facilities. Under the existing
regulatory structure in California, it may certainly be possible to allow new facilities to come on line.
It may be easier to simply expand and upgrade existing facilities.

2.7 BATTERY RANKING

Each battery type is ranked separately according to overall recycling technology and battery
performance. The purpose of the battery performance ranking is to identify which batteries are
likely to be used in EV applications in the near term or have excellent prospects for long term
vehicle application. The ranking of candidate EV battery recycling will also assist in determining
which batteries will be evaluated further as part of a health hazard assessment. Recycling weighting
factors are estimated for attributes under the following categories:

e Battery performance
e Battery recycling
— Recycling technology
— Recycling infrastructure
— Market conditions
— Regulatory constraints
2.7.1 Battery Performance Ranking

A weighting factor is assigned to each attribute to reflect the relative importance of each
attribute and to take into account double counting of related factors. Table 15 shows the battery
performance attributes with their weighting factors. Initial battery cost was not included in the
market ranking criteria, because cost estimates are unreliable at this point and the effect on vehicle
price is difficult to predict. Similarly, health and hazardous attributes are not included in the initial
screening in order not to prejudice the outcome of the health/hazard assessment. Each battery is
scored on a scale of 1 to 5 for each performance and recycling related attribute. Where possible,
scoring was based upon quantitative criteria. A score of 5 indicates the best performance or
characteristics, and a 1 indicates the worst performance or characteristic.

2.7.1.1 Battery Performance Attributes
The scoring for battery performance attributes are shown in Table 16.

1. Specific Energy. Specific energy is a measure of a battery's energy content per unit
weight, and is an important attribute because it dictates how far a vehicle can travel for
a given battery weight. Because range limitations are the major issue with EV

implementation, specific energy is weighted heavily. The higher a battery’s specific
energy, the higher its score.
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Table 15. Battery performance ranking attributes

Battery Performance Weighting Factor
Commercial status 2
Specific energy 5
Specific power 4
Rechargeability 3
Charge holding ability/Stand alone loss 1
Battery life 2
Energy Efficiency 2
Total 17

Table 16. Technical battery ranking criteria

Specific Specific
Energy Power Self Battery
Ranking | (Wh/kg) (W/kg) Discharge Life Efficiency
Score (C/3) (80% DOD) | (% per 48 hr) | (years) Commercial Status | Rechargeability (%)
5 >100 >400 <1 >8 Currently available | Electrical >95
in EVs
4 71 to 100 | 251 to 399 1to5 5to 8 | Available in 2 yrs. 85-94
3 511070 | 151 to 250 6to9 3to 4 | Available in 5 yrs. 75-84
2 31to 50 | 100 to 150 10 to 12 2to3 | Available in 10 yrs. | Chemical 65-74
1 <30 <100 >12 <2 > 10 yrs. Not Rechargeable <65

2. Specific Power. Specific power is a measure of a battery’s ability to deliver energy and
the EV’s ability to accelerate rapidly. This attribute is important because it affects the
EV’s driveability and consumer appeal.

3. Charge Holding Ability/Stand Alone Loss. Charge holding ability is important because
self discharge increases the battery size requirement if the vehicle is to be parked away
from a charger for any significant amount of time. Excessive self discharge or heating
requirements also contributes to excessive electricity use and consequently higher
operating costs.

4. Battery Life. Battery life affects the vehicles’ operating cost as well as the life cycle

recycling requirement. Increased battery life will have a direct impact on the recycling
requirement for batteries. Although many of the advanced batteries are relatively
expensive, their longer life offsets the initial battery cost.




Commercial Status. Commercial status characterizes the batteries’ prospects for being
used in an EV due to current commercial success, on-going research efforts, or
promising prospects in demonstration vehicles with significant industrial backing. The
highest score is given to lead-acid batteries which are already procured commercially.
Batteries that are receiving significant industrial support also score well in terms of
commercial status, such as those funded by the USABC, including NiMH and NaS.
Longer-term batteries, including the lithium polymer battery, which do not yet have a
definitive commercial release timeline, receive relatively lower scores.

Rechargeability. Rechargeability provides a substantial degree of convenience for EV
batteries. While it could be conceivable that a battery could be replaced at a service
station for every “fueling® event, such an approach would have limited consumer
appeal. Electrically rechargeable batteries score better in this assessment than those
with replaceable chemicals, because the inherent advantages of overnight home
recharging combined with the lack of infrastructure for replacing battery chemical
makes electrically rechargeable batteries more desirable.

Energy Efficiency. Like poor charge holding ability, a poor energy efficiency of the
battery can lead to excessive electricity use and higher operating costs. It will also
present an inconvenience to the consumer to have to recharge the battery more often.

Battery Life Cost. Some batteries may appear expensive based on the initial purchase
price and replacement price, but the longer lives of several of the advanced batteries
can significantly offset the perceived high costs. While this attribute is not included in
the ranking, since costs are difficult to accurately predict at this point for some batteries
and will almost certainly change with fluctuating metal prices, the estimated market
prices of batteries warrant some discussion. Prices are gauged in US$/kWh/yr to show
how the purchase price of the battery will be distributed over its lifetime. For light duty
vehicles, lead-acid batteries actually are the most expensive option at this time, because
of the short life of only two years. The life costs are summarized in Table 17 for light-,
medium-, and heavy-duty vehicles.

2.72 Recycling Ranking Attributes

The attributes used to rank overall battery recycling are shown in Table 18.

2.7.2.1 Recycling Technology

Recycling technology assesses the current state of battery recycling. Scoring criteria are
shown in Table 19.

L.

Ease of Battery Dismantling. The ease of dismantling the batteries before recycling is
integral to the overall ease of recycling the battery. Lead-acid batteries with plastic
casings are the easiest types of batteries to dismantle, as they are simply placed in a
chopper or shredder. Batteries with metal casings are more difficult and may require
special treatment or equipment.

Preliminary preparatory steps may need to be taken before the battery can be
dismantled or handled for recycling. For example, the lithium in all types of lithium
batteries is highly reactive. Therefore, these batteries must be frozen in liquid nitrogen
to render the lithium essentially inert or be handled in an inert environment. Na$S and
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Table 17. Battery life costs

US$/kWh/yr | US$/kWh/yr | US$/kWh/yr
Battery (LDV) (MDV) (HDV)
Lead-Acid 55 55 55
Sealed Bipolar Lead-Acid 50 50 75
Nickel-Cadmium 43 75 -
Nickel-Metal Hydride 34 50 -
Zinc-Air 12 17 -
Sodium-Sulfur 42 63 -
Sodium-Nickel Chloride 32 50 -
Lithium-Iron Disulfide 30 50 -
Lithium-Polymer 20 34 -

Table 18. Battery recycling ranking attributes

Attribute

Weighting Factor

Recycling technology

Scale of technology

Ease of battery dismantling
Fraction of output that is recyclable/reusable
Fraction of output as hazardous waste

Size of batteries handied

Recycling infrastructure
Existing recycling facilities
Existing collection infrastructure
Distance to recycler

Market considerations
Market for recycled products
Value of product

Disposal costs

Repulatory constraints

Hazardous material status

Toxic metals content

Difficulty in permitting new or expanded facilities
Effect of air emissions on permitting

— - b b W b L

— D = =

Total
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Table 19. Recycling technology ranking criteria

% Output | % Output as
Recyclable/ | Hazardous Scale of Size of Batteries
Ease of Dismantling Reusable Waste Technology Handled

Simple; Mechanical only >%0% <10% Commercial >200 kg
Discharge >T75% <25% Pilot >50 kg
Cooling >50% <50% Bench >10 kg

Removal of extraneous >25% <75% - Dry cell consumer
systems size or button

Stabilization/deep freeze <25% <75% Not developed | Not recycled

other molten salt batteries may need to be cooled and/or discharged before disassembly
for safety reasons. An important consideration is how the large voltages across the
electrodes of EV battery modules will affect electrical dismantling equipment.
Furthermore, many of the batteries currently in development may have rather
sophisticated elements such as heat transfer elements or software that preclude
recycling or make it much more difficult. Ideally, batteries being developed for EVs
should be designed with recycling in mind at the end point of the product’s useful life.

Fraction of Output that is Recyclable/Reusable. Aside from the environmental goals of
reducing the total waste stream from recycling processes, a high percentage of recyclable
or reusable material will make the recycling process more profitable, whereas a high
fraction of waste output will only increase the disposal costs. A process that produces
more waste than recyclable material will also have difficulty gaining public acceptance,
as recycling has a better public image than disposal or incineration.

Fraction of Output that is Hazardous Waste. A high fraction of hazardous waste will
significantly increase disposal costs and will increase the regulatory burden on the
process. Batteries that produce high amounts of hazardous waste from recycling
receive low scores.

Scale of Technology. Recycling technologies are ranked on the current state of
development of the technology. Technologies already operating on a commercial scale,
such as lead-acid recycling, receive the highest score. Technologies that are only in pilot
scale or bench scale receive respectively lower scores. Batteries that are currently not
recycled at all score the lowest.

Size of Batteries Handled The size of the batteries currently being recycled is an
important indication of the need for scale-up and process refinement. The batteries
handled in existing recycling facilities may be significantly smaller in size than future EV
batteries. Dismantling and shredding equipment may need to be modified to
accommodate the rather large sizes of EV battery packs. A shredder that normally
handles only small dry cell or button batteries could certainly not accommodate an 800
Ib NiCd monoblock sent through it. Large-size batteries that are already recycled
receive the highest scores, and those that are not tecycled at all receive the lowest score.
It is assumed that batteries which are only recycled on a pilot or bench scale, such as
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the Na$ battery, are of the larger EV battery size. Therefore, those batteries scored
the highest in this category.

2.72.2 Recycling Infrastructure

Establishing a viable recycling infrastructure in California could be vital to the economic
success of the EV program in the state. It would certainly be more economical to recycle spent
batteries in-state, for several reasons: (1) to reduce the regulatory steps that would be involved with
shipping waste out-of-state, (2) to reduce the costs of recycling by minimizing transportation costs,
and (3) to create jobs in California. The guidelines used to score batteries in this category are
shown in Table 20.

1. Existing Recycling Facilities. Batteries are ranked on the availability of existing recycling
facilities. Existing recycling facilities in California and the U.S. are a crucial step to
creating a viable recycling infrastructure for EV batteries. For this reason, lead-acid
batteries score highest because recyclers and battery breakers are already operating in
California. NiCds rank next highest because a recycling facility operates in the U.S.

2. Existing Collection Infrastructure. Batteries score well in this category if there is an
adequate number of collection centers for that battery type. Lead-acid batteries
exclusively receive the highest score, since, in most states, consumers may return their
spent lead-acid batteries to the point of purchase, or some other retail collection center.
NiCds score second-highest in this category, since the Portable Rechargeable Battery
Association (PRBA) has begun the initial stages of their NiCd collection program under
the direction of the Rechargeable Battery Recycling Corporation (RBRC), which may
in the future encompass EV batteries. Most other battery types receive low scores,
since they are not being actively collected.

3. Distance to Recycler. Batteries for which recycling facilities exist in California are
ranked highest in this category, as proximity minimizes transportation costs. Batteries
with recycling facilities located within North America are ranked second, and facilities
in Europe and Asia are third and fourth, respectively. Batteries for which no
commercial scale recycling facilities exist score the lowest.

Table 20. Recycling infrastructure ranking criteria

Ranking | Existing Recycling | Existing Collection Distance to
Score Facilities Infrastructure Recycler
5 California Excellent California
4 North America Good North America
3 Worldwide Fair Europe
2 Developing Poor Asia
1 None Not developed None
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2.723 Market Considerations

The condition of the market can make or break a recycling operation. Even in cases where
recycling is largely regulation driven, as in the case of lead-acid batteries, the market can have
devastating effects. In the 1980s, the price of lead experienced a significant drop at several points
during the decade, causing many smelters to go out of business. In addition, a market for the
recycled product must exist in order for the recycling effort to sustain itself. Regulations requiring
a certain percentage of recycled material in new products are helpful, but their effectiveness is
limited if the recycled product is not suitable for reuse. The ranking criteria surrounding market
considerations are detailed in Table 21.

1.

Market for Recycle Products. The market for recycled products affects the success of
recycling battery components. Batteries with “closed loop” metal consumption, in
which recycled product metals are used to produce the same type of battery, are less
likely to be affected by shifts in the market demand for recycled products. For example,
in both lead-acid and NiCd battery recycling, lead and cadmium are almost completely
recovered and can be used to meet the demand for new battery materials. Therefore,
the issue of recycled metals flooding the market is not relevant for batteries that
produce pure metals from the recycling process.

Secondary markets for recycling products are more affected by fluctuating market
demand than are the closed-loop markets. Nickel, for example, is usually recovered as
a ferronickel alloy and sold to stainless steel producers. Recovered lithium is sold as
an additive to the cement industry. In contrast, products such as sodium polysulfides
and recovered misch metals have virtually no market, and are given the lowest score.

Value of Product. The higher the intrinsic demand for a product of recycling, the more
sustainable is recycling of a given battery type. In general, the rarer the metal, the
higher and more constant its market value. For the most current battery metals prices,
see Table 22.

Other metals have a market value that fluctuates greatly depending of a number of
other factors. In the case of nickel, Russia’s opening of its vast nickel reserves has
pushed the world market price to an all-time low.

Cadmium has also recently experienced a decline in price partly attributable to
increasingly stringent environmental regulations. Furthermore, cadmium is obtained as
a co-product of zinc mining, and its supply is therefore linked with the demand for zinc.
Similarly, lithium demand is closely tied to the primary aluminum industry. Other
products, including sodium or sulfur, have fairly consistent low market values.

Disposal Costs. Associated disposal costs are high if the battery has a high percentage
of unrecyclable material, or if the recycling process yields a product with no market.
The fraction of the waste that must be disposed of as hazardous waste adds to the
disposal costs.

2.7.2.4 Regulatory Constraints

Regulatory considerations are difficult to weigh, since the regulations governing battery
recycling could change almost completely during the first part of 1995 with the finalization of the
Universal Waste Rule. This rule will make recycling easier for consumers, as they will be allowed
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Table 21. Market ranking criteria

Ranking Market for
Score Recycle Product | Value of Product Disposal Costs
5 Closed Loop $11 to $20/Ib No disposal
4 - $6 to $10/1b
3 Secondary $2 to $5/Ib Municipal Waste
2 - $0.50 to $1/1b
1 No Market <$0.50/Ib Hazardous Waste

- Table 22. Market value of metals and products of recycling

Price (U.S. $/Ib) | Price (U.S.$/Ib)

Metal 19891 Curren
Al 0.89 0.847
Cd 6.35 0.45
Cu 130 1.33
Fe/Steel 0.256 0.069
Pb 0.34 0.27
Li (Li;COs) 1.63 2.00
Mischmetal 12.35 12.68
Ni 6.30 3.54
Na (Na,SO,) 0.043 0.04
S 0.044 0.022
Sn 4.13 2.45
V (V,0q4) 4.50 1.43
Zn 0.83 0.474

1. Reference 69.
2. Reference 85.
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to transport their own spent batteries to collection centers or recyclers. Collection centers will be
able to operate more smoothly as well, with less red tape to work through in order to store and ship
batteries. Currently, all spent batteries are classified as hazardous waste, with only one regulatory
exemption for the collection, storage, and transportation of lead-acid batteries. Therefore, in most
categories, lead-acid batteries are given the highest score based on their exempt status, and all other
battery types are ranked equally second-highest, because it is likely that they could also be granted
exempt status in the near future. The ranking of various attributes related to regulatory constraints
are listed in Table 23.

Hazardous Materials Status of Spent Batteries. At the present, all batteries are classified
as hazardous materials, except for lead-acid batteries, which are exempt from hazardous
waste constraints. The collection, storage, and transportation of hazardous materials
is governed by RCRA. However, all batteries are expected to become exempt from
these requirements pending finalization of the Universal Waste Rule, so they are given
scores almost as high as lead-acid batteries.

Toxic Metals Content. The batteries are also ranked according to their toxic metals
content, since handling toxic metals will pose constraints on the operations of recycling
facilities. Toxic metals are defined as those identified by the federal TCLP test, listed
in 40 CFR, Part 261.24, and by the California STLC and TTLC tests, listed in 22 CCR,
Part 66261.24. These metals include antimony, arsenic, cadmium, chromium, iron, lead,
lithium, nickel, sodium, sulfur, tin, and zinc. Toxic metals contents were based on the
material safety data sheets for the batteries under study here [85]. OSHA, the Clean
Air Act (CAA), the Clean Water Act (CWA), RCRA regulations, as well as state
environmental and local air, water and waste regulating boards impose restrictions on
facility operations that deal with hazardous emissions, effluents, storage, or handling.

Table 23. Regulatory ranking criteria

Ranking
Score

Toxic Difficulty of

Metals Effect of Air Emissions on

Hazardous Materials
Status

Content

Permitting New or
Expanded Facilities

Permitting

Currently exempt

To be exempted per
Universal Waste Rule

<5%

5to025%

26 to 50%

51 10 5%

>75%

No environmental
impacts/permits not
required

Process creates
public opposition

Located in
California

No significant air emissions

Produces significant
emissions of criteria
pollutants in an attainment
area

Produces significant criteria
poliutants in a nonattainment
area

Produces TACs and/or
significant amounts of criteria
pollutants in a severc or
extreme nonattainment arca

Produces significant amounts
of TACs
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3. Difficulty in Permitting New or Expanded Facilities. Permitting a recycling facility can
prove to be a nearly insurmountable regulatory obstacle in some cases. The difficulty
of permitting a given process depends upon the potential health and hazard impacts of
the material, the local regulatory environment, and the public concern towards the
facility. Environmental regulations differ from state to state and even within each state.
California is widely regarded as having the most stringent, all-encompassing
environmental regulations of any state; they often prove restrictive to new businesses
with the potential to produce pollution. Furthermore, public opinion, when directed
against a particular project, can effectively deny a facility permit approval during the
public review process. Public opinion is influenced greatly by the “NIMBY" syndrome.
For example, a lithium recycler in British Columbia tried initially to locate a facility at
several sites in the U.S. Although the process received approval from the U.S. EPA,
local opposition prevented the company from locating in the U.S.

4. Effect of Air Emissions on Permitting. Recycling processes which produce air pollutants
are subject to additional regulatory constraints. New sources of air pollution must
obtain a permit to construct and must comply with New Source Performance Standards
(NSPS) as well as either Best Available Control Technology (BACT) or Lowest
Achievable Emission Rate (LAER). The BACT requirement applies to emissions in
areas that are in attainment with the National Ambient Air Quality Standards
(NAAQS), while the LAER requirement applies to sources of emissions in
nonattainment areas.

Processes which produce significant amounts of Toxic Air Contaminants (TACs), as defined
by CARB (pursuant to the provisions of AB 1807 and AB 2728), are subject to stringent regulations
and control requirements, including use of Maximum Achievable Control Technology (MACT). A
current list of TACs can be found in the Appendix. All of the federal Hazardous Air Pollutants
(HAPs) are included in the California list of TACs. Because of stringent regulations for toxic air
pollutants, some processes that produce air toxic emissions, such as smelters, are very difficult to
permit. Pyrometallurgical processes used in metal (and thus battery) recycling use smelters;
however, for most battery types, electrowinning or electric arc melting furnaces are available
material recovery options. The region in which a facility is located also affects the difficulty of the
permitting process. Locating a new source in an area that is classified as an extreme or severe
nonattainment area for criteria pollutants requires obtaining offset emissions and greatly increases
the complexity of the permitting.

If the batteries are already recycled using a process such as an electric arc furnace,
electrowinning, or another wet chemistry process, as in the case of zinc-air batteries, it is assumed
that any new or expanded facilities for these batteries will use the same process. These batteries
therefore score well in this category. If the technology exists to recycle batteries in a more air-
friendly manner, even if the battery is currently recycled via smelting, such as lead-acid, these
batteries also score well, assuming that all new facilities will use the cleaner process.

2.73 Ranking Scores

Table 24 shows the ranking of batteries for each of the attributes in Tables 17, 19, 20, 22,
and 23. Each battery attribute was compared to the ranking criteria laid out in the above tables and
given the appropriate score based on those criteria. To calculate the total score, the individual
score for each attribute was multiplied by the weighting factor for that attribute, and the sum was
taken of the product of weighting factor and attribute score.
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Total Score = Y (Weighting Factor X Individual Attribute Score)

It should be noted that the rankings and scores associated with each battery performance
and recycling technology are intended for comparative and qualitative use. The assessment
methodology used in this report is based solely on current technology; assignment of ranking scores
involved decisions that were based on the limited data that is available. The results given here
should be viewed within this context.

Lead-acid batteries receive the highest score for recyclability because they are a commercial
product and have the most widely established recycling infrastructure Zinc batteries scored high
for recyclability, since large industrial sized versions of this battery are being recycled in Texas, and
the process produces very little, if any, hazardous waste or hazardous air pollutants. NiMH and
NiCd batteries are ranked next since INMETCO is recycling NiCds and small amounts of NIMH
batteries in Pennsylvania. NiMHs score higher than NiCds since they are less hazardous than
NiCds. The lithium batteries receive fairly high marks for recyclability, since the process used in
Canada produces no air emissions and the wastewater is recycled back into the process. They are
rated lower than zinc since the batteries must be exported to Canada. Lithium polymer batteries
are scored poorly for recyclability since virtually no one even produces them in large sizes. Overall
the sodium beta batteries are rated poorly in terms of recyclability, since the market for these
recycled products is not favorable, and their recycling efforts have only been on a pilot or bench
scale and involve incineration. The other molten salt batteries are given low scores for recyclability
since there are no known recyclers for these battery types.

The lithium ion and polymer batteries are ranked well for performance, with significant
research still being conducted in these areas. Although data on the energy efficiency of lithium-ion
batteries is not available, they receive a conservatively low score of 1 (one) in this category.
However, even with such a conservative score for this attribute, they still achieve the highest
performance score. Sodium-beta batteries are rated average for performance.

The performance scores for the molten salt batteries, which include NaS, Na-NiCl,, LiFeS,
and LiFeS,, require some clarification, as their scores do not follow the ranking criteria exactly.
Sodium-sulfur is given a score of 2 for charge-holding ability, although it exhibits 0% self-discharge,
because if left unplugged for extended periods of time, the battery “freezes” and must be
reconditioned. The other molten salt batteries are not as severely damaged by freezing as sodium-
sulfur, but they must be heated to the full operating temperature before driving resumes. Keeping
these batteries at such high temperatures results in greater energy use to recharge the battery, and
thus all of the molten salt batteries receive the lowest scores for energy efficiency. The air and zinc
batteries are scored the lowest for performance, and there does not appear to be much research
support for these batteries in EV applications. The category of charge-holding ability for all of the
metal-air batteries is left blank, due to lack of sufficient information needed to make a reasonable
estimate. The performance and recycling scores are listed in descending order in Tables 25 and 26.
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Table 25. Summary of battery performance scores

Battery Technology Performance Score
Lithium-Ion 73
Nickel-Metal Hydride 71
Nickel-Cadmium 70
Lithium Polymer 67
Sealed Bipolar Lead-Acid 66
Sodium-Sulfur 65
Lithium-Iron Sulfide 62
Lithium-Iron Disulfide 62
Sodium-Nickel Chloride 62
Conventional Lead-Acid 58
Zinc-Air (56)
Aluminum-Air (56)
Zinc-Bromine 46
Iron-Air (43)

Table 26. Summary of battery recycling scores

Battery Technology Recycling Score
Conventional Lead-Acid 153
Sealed Bipolar Lead-Acid 153
Nickel-Metal Hydride 147
Nickel-Cadmium 146
Zinc-Air 146
Zinc-Bromine 140
Lithium-Iron Sulfide 135
Lithium-lron Disulfide 135
Lithium-Ion 132
Sodium-Sulfur 119
Sodium-Nickel Chloride 114
Aluminum-Air (114)
Iron-Air (112)
Lithium Polymer 101
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SECTION 3

CONCLUSIONS AND RECOMMENDATIONS

There are still many unanswered questions about the fate of EV battery recycling in
California, which can only be answered as the future unfolds. In the forum of this study, we have
attempted to assess the ability of California and the nation to accommodate the electric vehicle
battery waste that will be generated by the timed introduction of EVs in California. The use of EVs
is intended to better the environmental quality in the state, and therefore great care should be taken
to ensure that their use does not actually deteriorate environmental quality through careless disposal
of batteries or through unsound recycling practices.

It is still somewhat early to determine which batteries will ultimately fill the market, although
we have made reasonable predictions as to which technologies will be favored, namely lithium-
polymer, lithium-ion, and nickel-metal hydride. No matter which batteries are used, recycling must
be considered as the final destination for batteries, and should be included as part of the battery
design. Batteries in development should be tested for toxicity as well as performance, and samples
of the recycled product should be tested for purity and for hazardous materials content to determine
if markets are available for the product. Battery compositions must be verified by chemical assay
in order to determine how they will be affected by environmental regulations. Even if certain
batteries may not be considered hazardous, recycling should still be considered necessary to recover
valuable metals and conserve raw materials.

The assumptions and predictions made in this report are intended to assist regulatory bodies
in determining if additional recycling capacity is needed in California. If it is found that such
capacity is needed, it will be necessary to assess the economic feasibility of establishing new plants.
For lead-acid batteries, there appears to be enough capacity to handle increases up to the year 2010,
although if lead-acid plays a greater role in the EV market than is expected, it may be necessary
for in-state recyclers to turn away some out-of-state batteries. Nickel-containing batteries may be
present in large quantities, possibly exceeding 30,000 tons by 2010. If this proves true, it will be
necessary to establish more recycling capacity for these battery types. INMETCO is permitted to
handle only 10,000 tons of nickel batteries. While there are other NiCd recyclers in the world, they
are not all equipped to accept NiMH batteries. In addition, it is politically, socially, and
environmentally preferable not to ship hazardous waste out of the country. Sodium and zinc
batteries will most likely not be present in large numbers. The capacity for zinc recycling listed in
Table 2 will probably suffice. There is currently no full-scale recycling plant that accepts sodium-
beta batteries, but given the relatively small market share that is anticipated for these batteries, it
may not be economical to establish a dedicated sodium-beta battery recycler. Lithium batteries may
prove to be a problem if additional plants cannot be located in the United States. Lithium-ion and
lithium-polymer batteries together could generate as much as 77,000 tons of waste by 2010. The
single plant in Canada will certainly not be adequate to accommodate the anticipated large
quantities of lithium batteries. Additional facilities will surely be needed, preferably in the United
States.
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Most recycling technologies today are still in developmental stages, with the exceptions of
secondary lead smelting, which has been practiced since the early part of the century, and nickel-
cadmium smelting. The evolving trend is turning away from technologies such as smelting, which
produce significant amounts of air pollution, in favor of more air friendly technologies, such as
electrowinning and other hydrometallurgical processes. However, the tradeoff involved with this
switch in technologies is the production of far greater amounts of wastewater. Certainly for the
South Coast Air Basin (SCAB), air quality is of primary concern; in such severe non-attainment
areas, wet chemical processes will be preferred.

It is evident that many batteries will not be able to support a closed loop recycling system
such as the lead-acid battery system in which as much as 70% of the new batteries are produced
from recycled lead. The quality of many recycled products will simply be too poor for them to be
reused in battery electrodes, and they will have to be sold to secondary markets where those can
be found. In such cases, recycling efforts will not be able to rely solely on the sale of their product
to be sustainable. We recommend that a deposit be levied on new battery sales, both as an
incentive for consumers to return the batteries, and to generate an income which could subsidize
recycling efforts. A deposit of $100 is recommended for all light-duty vehicle batteries, and $200
and $400 for medium-duty and heavy-duty vehicle batteries, respectively.

The regulatory environment for batteries could change within a very short time. At the
present all spent batteries except lead-acid batteries are considered hazardous waste and are fully
subject to RCRA regulations. With the final ruling of the Universal Waste Rule, all spent batteries
could share the same exemptions. However, new TSD facilities will still face the same strict
requirements for facility permitting, air emissions permitting, and wastewater discharge permitting.
In certain areas, such as the SCAB, processes with heavy air emissions will be more difficult to
permit than processes such as electrowinning, which produce virtually no toxic air emissions. Public
opposition will still be a strong factor to contend with, no matter what the process, or how safe the
EPA may determine it to be. This can only be dealt with in the usual arenas of public hearings.
However, regardless of which batteries are eventually chosen to power EVs, cleaner recycling
technologies such as electrowinning should be pursued not just for the immediate and long-term
environmental benefits, but also so that public opposition can be more rationally and logically
considered.
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AAM
ABB

BACT
BCI

BDAT
BOD;

CAA
CA-AAQS
CARB

CCR
CEQA
CESQG

CFR
CUP

CWA
DEMI

DOD
DOSH
EAF
EIR
ELSI
EPA
EPRI

EV
HAPs
HGCs
HDV
HWCL
HWL
ICV
KOH
LAER

LIST OF ACRONYMS

Annual Arithmetic Mean

Asea Brown Boveri. A German owned company which conducted research on
sodium-sulfur batteries.

Argonne National Laboratories. A U.S. government laboratory located in Argonne,
Illinois

Best Available Control Technology

The Battery Council International. A trade association for lead-acid battery
manufacturers, distributors, and recyclers.

Best Demonstrated Available Technology

Five-day Biochemical Oxygen Demand. A measure of organic pollution in
wastewater.

Clean Air Act

California Ambient Air Quality Standards

California Air Resources Board. Division of the California Environmental
Protection Agency which governs air quality regulations in California.

California Code of Regulations

California Environmental Quality Act

Conditionally Exempt Small Quantity Generator. Generates less than 100 kg of
hazardous waste per month.

Code of Federal Regulations

Conditional Use Permit. A permit to locate and operate a facility within specified
conditions.

Clean Water Act

Dreisbach Electromotive, Inc. A German owned company which develops zinc-air
batteries.

Depth of Discharge. This specifies how fully a battery is charged.

Division of Occupational Safety and Health

Electric Arc Furnace

Environmental Impact Report

Electrosource, Inc. A Texas-based company developing advanced lead-acid batteries.

Environmental Protection Agency

Electric Power Research Institute. A research organization funded by U.S. utility

companies.

Electric Vehicle

Hazardous Air Pollutants

Hydrocarbons

Heavy Duty Vehicle

Hazardous Waste Control Law

Hazardous Waste Limit

internal Combustion Vehicle

Potassium hydroxide electrolyte

Lowest Achievable Emissions Rate
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LDsg
LDV
LEV
LiFeS
LiFeS,
Li-ion
Li-polymer
MACT
MDV
MITI
MSDS

NAAQS
Na-NiCl,
NaS
NERC

NESHAPS
NiCd

NiFe
NIMBY

NiMH
NPDES

NSPS
OSHA
Pb-acid
PEL
PM
PM g
POHCs
PRBA

RBRC
RCRA
RHF
SBLA
SCAB
SCAQMD

SDWA
SIP

SLI
SQG

STLC

Lethal Dose. Dose at which fifty percent of the test population dies.

Light Duty Vehicle

Low Emission Vehicle

Lithium-iron sulfide battery

Lithium-iron disulfide battery

Lithium-ion battery

Lithium-polymer battery

Maximum Achievable Control Technology

Medium Duty Vehicle

Ministry of International Trade and Industry (Japan)

Material Safety Data Sheet. Specifies quantities of hazardous materials present in
a product, and specific hazards associated with the handling of the product.
National Ambient Air Quality Standards

Sodium-nickel chloride battery

Sodium-sulfur battery

Northeast Recycling Council. Composed of representatives from ten northeastern
states.

National Emissions Standards for Hazardous Air Pollutants

Nickel-cadmium battery

Nickel-iron battery

Not In My Back Yard. Public opposition to the location of facilities in their
immediate vicinity.

Nickel-metal hydride battery

National Pollution Discharge Elimination System. Permit system for wastewater
discharge.

New Source Performance Standard

Occupational Safety and Health Act

Lead-acid battery

Permissible Exposure Limit

Particulate Matter

Particulate Matter below 10 micrometers in diameter

Principle Organic Hazardous Constituents

Portable Rechargeable Battery Association. A trade association for NiCd battery
manufacturers and customers.

Rechargeable Battery Recycling Corporation. A company established by the PRBA
to facilitate collection and recycling of consumer size NiCds.

Resource Conservation and Recovery Act

Rotary Hearth Furnace

Sealed Bipolar Lead-Acid battery

South Coast Air Basin. The region consisting of Los Angeles, Orange, Riverside,
and San Bernardino counties.

South Coast Air Quality Management District. A regional agency responsible for
air quality in the SCAB.

Safe Drinking Water Act

State Implementation Plan. Plan that demonstrates how a state will implement new
environmental regulations in order to achieve attainment.

Starting, Lighting, and Ignition battery

Small Quantity Generator. Generates between 100 and 1,000 kg of hazardous waste
per month.

Soluble Threshold Limit Concentration
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SWRCB

TACs
TCLP
TDS
TSD
TSP
TSS
TTLC
TWCA
UK
USABC

USBoM
VRLA
WQA

ZEV
Zn-air
Zn-Br

State Water Resources Control Board. Administers the NPDES system in
California.

Toxic Air Contaminants

Toxicity Characteristic Leaching Procedure test

Total Dissolved Solids

Treatment, Storage, and Disposal facility

Total Suspended Particulate (in air)

Total Suspended Solids (in water)

Total Threshold Limit Concentration

Teledyne Wah Chang Albany (Albany, Oregon)

United Kingdom

United States Advanced Battery Consortium. Auto industry, electric utility, and
government-funded research effort.

United States Bureau of Mines

Valve-Regulated sealed Lead-Acid

Water Quality Act

Wastewater Treatment Plant

Zero Emission Vehicle

Zinc-air battery

Zinc-bromine battery
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APPENDIX A

Table A-1 shows a summary of state and some local laws regarding lead-acid battery
recycling and disposal. The table was compiled in July 1994 by the Battery Council, International
(BCI), the trade association for lead-acid battery manufacturers, distributors, and recyclers which
drafted the lead-acid battery recycling legislation that most states adopted.

Table A-2 shows a breakdown of the projected electric vehicle population in California from
1997 to 2015 taking retired vehicles into account. An average life of 8 years for LDV, 10 years for
MDVs, and 9 years for HDVs was assumed Numbers for light duty vehicles are based on vehicle
inventory models, EMFAC and BURDEN, developed by CARB. MDV numbers are based on an
earlier study performed by the California Electric Transportation Coalition. The heavy duty
population was developed by the principal authors of this report. The electrical energy consumption
is arrived at by the following equation:

# vehicles X mifyr x energy consumption (kWh/mi)
10% kWh/GWh

Electrical Energy(GW/yr) =

This calculation was performed for each vehicle weight class, for each year.

Table A-3 shows the calculations behind Figure 1. The vehicle numbers follow those from
Table A-2. The total number of internal combustion vehicles show an average of 2% growth per
year, which is in agreement with the BURDEN inventory. The tons of recyclable lead-acid batteries
were based on a two year life for lead-acid batteries in EVs and a four year life in ICVs. The
batteries in new vehicles for each year were assumed to be spent after one lifetime and therefore
available for recycling, i.e., batteries introduced in EVs in 1998 would be recycled in 2000, and those
introduced in ICVs in 1998 would be recycled in 2002, and so on.

Table A-4, which shows the calculations behind Figure 12, follows the same guidelines and
assumptions as Table A-3, except it shows the projections for all the battery types in this study. The
battery weights and estimated calendar lives are taken from Table A-5. The percentages of each
battery present are based on the market share estimates established in Table 4.

Table A-5 is an extended version of Table 1, showing the battery specifications for all three
vehicle weight classes. The vehicle range and energy consumption are estimates and extrapolations
in most cases, as this data is difficult to generalize for all vehicles in a class, since it tends to vary
with each vehicle. Therefore this data should not be assumed to be accurate, or in agreement with
vehicle manufacturers’ data. The battery weight, the maximum theoretical life, and the specific
battery weights were arrived at by calculations, and should also not be assumed to be accurate.
Much of the data for lithium-ion batteries is not yet available, as it has not been published, or could
not yet be disclosed. The following equations show how the values in this table were derived:
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Battery Weight = mi/ Chm%efh 7kkWh/ m . Self-di;charge ]
L] ;- S
1,000 Wh/kWh
Max. Theoretical Life + ifcharge . Life in charges
mifyr

(1 kg x 1,000 g/kg)
(mifyr x life in years)

Specific Battery Weight (g/mi) =

g/mi

Specific Battery Weight (g/kWh) = T
mi
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Table A-6. Toxic air contaminant identification list (April 1993)

Category 1
Acetaldehyde 1,4-Diclhorobenzene(p) Methyl hydrazine
Acetamide 3,3-Dichiorobenzidene Methyl iodide
Acetonitrile Dichlorocthyl ether Methyl isobutyl ketone
Acetophenone 1,3-Dichloropropane Methyl isocyanate
2-Acetylaminofluorene Dichiorvos Methyl methacrylate
Acrolein Diethanolamine Methyl tert butyl ether (MTBE)
Acrylamide N,N-Diethyl aniline 4,4-Methyicne bis{2-chloroaniline)
Acrylic acid Diethyl sulfate Methylene chloride
Acrylonitrile 3,3-Dimethoxybenzidene Methylene diphenyl diisocyanate
Allyl chloride Dimethyl carbamoy! chloride 4,4-Methylenedianiline
4-Aminobyphenyl Dimethyl formamide Naphthalene
Aniline 1,1-Dimethyl hydrazine Nickel and nickel compounds
o-Anisidine Dimethy! phthalate Nitrobenzene
Asbestos Dimethy! sulfate 4-Nitrobiphenyl
Benzene (including from gasoline) 4,6-Dinitro-o-cresol, and salts 4-Nitrophenol
Benzidine 24-Dinitrophenol 2-Nitropropane
Benzotrichloride 2 4-Dinitrotoluene N-Nitroso-N-methylures
Benzyl chloride 14-Dioxane N-Nitrosodimethylamine
Biphenyl 1,2-Diphenylhydrazine N-Nitrosomorpholine
Bis(2-ethylhexyl)phthalate {DEHP) Epichlorohydrin Parathion
Bis(chloromethyl)ether 1,2-Epoxybutane Pentachloronitrobenzene
Bromoform Ethyl acrylate Pentachlorophenol
1,3-Butadiene Ethyl benzene Phenol
Cadmium (metallic and cadmium compounds) Ethyl carbamate p-Phenylenediamine
Calcium cyanamide Ethyl chloride Phosgene
Caprolactam Ethylene dibromide Phosphine
Captan Ethylene dichloride Phosphorous
Carbaryl Ethylene glycol Phthalic anhydride

Carbon disulfide

Carbon tetrachloride
Carbonyl sulfide

Catechol

Chloramben

Chlordane

Chlorine

Chlorinated dioxins and dibenzofurans
Chloroacetic acid
2-Chloroacetophenone
Chlorobenzene
Chlorobenzilate
Chioroform

Chloromethyl methyl ether
Chloroprene

Chromium VI
Cresols/Cresylic acid
o-Cresol

m-Cresci

p-Cresol

Cumene

2.4-D. salts and csters
DDE

Diazomethane
Dibenzofurans
1.2-Dibromo-3-chloropropane
Dibutylphthalate

Ethylene imine

Ethylene oxide

Ethylene thicures
Ethylidene dichloride
Formaldehyde

Heptachlor
Hexachlorobenzene
Hexachlorbutadiene
Hexachlorocyclopentadiene
Hexachloroethane
Hexamethylene-1.6-diisocyanate
Hexamethylphosphoramide
Hexane

Hydrazinc

Hydrochloric acid
Hydrogen fluoride
Hydroquinone

Inorganic arsenic
Isophorone

Lindane

Maleic anhydride
Mecthanol

Methoxyxhlor

Mecthyl bromide

Methyl chloride

Methyl chloroform

Methyl ethy} ketone

Polychlorinated biphenyls (PCBs)
1,3-Propane sultone
beta-Propiolactone
Propionaldehyde
Propoxur

Propylene dichloride
Propylenc oxide
1,2-Propylencimine
Quinoline

Quinone

Styrene

Styrene oxide
2,3,7,8-Tetrachlorodibenzo-p-dioxin
1,1,2,2-Tetrachloroethane
Tetrachloroethylene
Titanium tetrachloride
Toluene

2.4-Toluene diamine
24-Toluene diisocyanate
o-Toluidine

Toxaphene

1,2 4-Trichlorobenzene
1.1,2-Trichioroethane
Trichloroethylene
2.4,5-Trichlorophenol
2.4,6-Trichlorophenol
Triethylamine
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Table A-6. Toxic air contaminant identification list (April 1993) (concluded)

Category I (continued)

Triflyralin
2,24-Trimethylpentane
Vinyl acetate

Vinyl bromide

Vinyl chloride
Vinylidene chioride

m-Xylenes

p-Xylenes

Antimony compounds
Arsenic compounds
Beryllium compounds
Cadmium compounds

Coke Oven Emissions
Cyanide compounds
Glycol Ethers

Lead compounds
Manganese compounds

Mercury compounds

Xylenes Chromium compounds Fine mineral fibers
o-Xylenes Cobalt compounds Nckel compounds
Polycyclic Organic Matter Raionuclides (including radon) Selenium compounds
Category 11
Diesel exhaust Inorganic lead Dialkylnitrosamines
Environmental tobacco smoke
Category 111

Acetone

Aluminum

Ammonia

Ammonium nitrate
Ammonium sulfate
Barium compounds
Benzoyl chloride
Bis(2-ethylhexyl)adipate
Bromine compounds (inorgainc)
Butyl acrylate

Butyl benzyl phthalate
Carbon black extracts
Chiorinated fluorocarbons
Chlorine dioxide
Chlorophenols

Coppet compounds

Creosotes

Crystalline silica

Cumene hydroperoxide
Cyclohexane
Decabromodiphenyl oxide
Diaminctoluene

Dicofol

Gasoline vapors
Gilutaraldehyde
Hexachlorocyclohexanes
Hydrogen sulfide
Isopropyl aleohol
4,4"-Isopropylidenediphenol
Moiybdenum trioxde
n-Butyl alcohol

Nitric acid

Nitrilotriacetic acid
Peracetic acid
2-Phenylphenol
Phosphouric acid
Propene

sec-Butyl alcohol
Silver compounds
Sodium hydroxide
Sulfuric acid
Terephthalic acid
tert-Butyl alcohol
Thiourca

1,2, 4-Trimethylbenzene
Zinc compounds

Category | contaminants are those that are already considered to be toxic by CARB, and include ail of the federal HAPs. These are
defined in Assembly Bills 1807 and 2728. Category II contaminants are under consideration to be identified as TACs. Category I

contaminants are those that are being considered for listing under Category 1.
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