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Abstract

This final report for Task 2: Assessment of Health Impacts compares the relative health and
hazard impacts of electric vehicle (EV) battery recycling technology. This analysis only compares
batteries to other batteries, and as such does not represent an absolute impact assessment, in that the
recycling processes for these batteries were not compared to other sources of environmental pollution.
The purpose of Task 2 was to compare the relative impact of recycling EV batteries in terms of cancer,
toxicity, and ecotoxicological potential, as well as leachability, flammability, and corrosivity/reactivity
hazards. These impacts were evaluated for lead-acid, nickel-cadmium, nickel-metal hydride, sodium
sulfur, sodium-nickel chloride, lithium-iron sulfide and disulfide, lithium-polymer, lithium-ion, and zinc-
air batteries.  Health/hazard impacts were evaluated for recycling methods, including smelting,
electrowinning, and other appropriate techniques that apply to different battery technologies.

A multi-attribute impact analysis was performed on the health and hazard effects resulting from
the recycling and disposal of each selected battery type. The methodology for this assessment is based
largely on the protocol developed by OEHHA and ARB for prioritizing toxic air contaminants. This
methodology used a semi-qualitative ranking to weight the relative impact of the different battery types
and different recycling options against each other. A health and environmental impact score was
developed for each battery constituent. The total amount of spent battery material consumed per mile
was calculated for each battery type, based on the battery’s life, weight, and composition. The fate of
battery materials was then determined for different recycling processes (i.¢., smelting, electrowinning) in
order to estimate the amount of materials distributed to the air, water, landfills, and recycled product.
Using this information, a health/hazard score was developed for each battery type.

This methodology is meant for comparison purposes only. There is a great deal of uncertainty
surrounding this analysis. Battery constituents are reasonably well known, but they vary somewhat with
battery manufacturer and are likely to change as battery development progresses. Recycling
technologies for many of these batteries are in their infancy; in some cases, actual emissions have been
measured, while, in other cases, engineering judgement has to be applied to adapt emissions factors from
other presumably similar processes. In addition, there can be substantial uncertainty surrounding the
health impact values (cancer potency factors, maximum contaminant levels, etc.). Because of
uncertainties, interpretations made from this analysis should be viewed with caution. Based on this
assessment effort, lead-acid batteries processed by smelting operations seem to have a larger potential
negative health impact than the same batteries processed by other means or than other battery types. The
NaNiCly batteries also rank relatively more toxic. On an overall basis, the more advanced batteries, such
as NiMH, lithium-polymer, and lithium-ion, represent a great improvement over conventional lead-acid
battery technology, both in terms of battery performance and impacts from recycling the spent batteries.
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this study, recycling process evaluations, and emissions estimates. The hazard attributes are then related
to the emissions from each material in a battery to provide a multi-attribute relative impact analysis.

Even if the recycling technologies and infrastructure discussed in Task 1 are developed, it does
not necessarily follow that recycling electric vehicle batteries will resolve the related environmental
issues. For example, the batteries must be transported from the corisumer to the recycling facility, often
with one or more intermediate steps. The recycling operations themselves produce emissions and
wastes. The human health and hazard assessment will rank the battery technologies against each other,
based on the ultimate fate of the battery components in the recycling process; whether in a recycled
product, in wastewater, air emissions, or a landfill.

Ranking batteries and health impacts is a complex exercise. In order to compare battery types,
the analysis must be normalized on a standard per-car basis, as opposed to a per-battery basis, because of
the different number of batteries required depending on the battery type. In addition, even the per-car
analysis must be adjusted to reflect the differing lifetimes (i.e., number of charge cycles) provided by
each battery type. The constituents of each battery must be identified and tracked throughout the
battery’s recycling and/or disposal process, in order to account for all of the battery material. With these
adjustments, the final environmental loadings are expressed as a mass-per-mile and total ton-per-year
inventory, consistent with traditional vehicle emissions. Also consistent with traditional vehicle
emissions, the loadings include a variety of pollutants, though some pollutants (such as cadmium) will be
unusual compared to traditional vehicle emissions.

In addition to the quantitative environmental loading calculations, health and hazard implications
of all battery constituents are determined in order to compare the batteries on a per mile basis. The
relative importance of different health/hazard attributes is assessed so that battery rankings reflect the
greater importance to human health of certain characteristics (e.g., toxic exposure from air emissions)
over others (e.g., corrosivity risks during recycling). Similarly, the per-mile environmental loadings for
each constituent include figures for water and land waste, in addition to air emissions, so that the relative
importance of loadings to each media can be examined. An overall health/hazard assessment is based on
the weighted results of the rankings in this study.



SECTION 1

INTRODUCTION

The Low Emission Vehicle and Clean Fuels program, adoptéd by CARB in September 1990,
required the phased introduction of vehicles that meet the progressively more stringent exhaust emissions
standards. One element of this program mandated that, beginning in 1998, two percent of new vehicles
sold by large-volume manufacturers must be zero-emission vehicles (ZEVs). This requirement increased
to a maximum of 10 percent in year 2003. In 1996, ARB modified the ZEV regulations to incorporate a
market-based approach that will speed the introduction of cleaner vehicles nationwide and allow time for
development of the electric vehicle (EV) infrastructure and longer-range batteries. Mandatory
requirements to produce and offer specified numbers of ZEVs for sale will go into effect in 2003.
However, this report is based on the CARB regulations adopted in 1990, because Task 1 was completed
prior to the regulation change. This does not affect the relative rankings of the batteries, since these
rankings were based on gallons per mile (g/mi) emissions from spent batteries, not on total emissions
from a battery type. Since the majority of batteries contain substances that are toxic and may pose a
health hazard to humans and the environment, it is important to identify these potential hazards and
ensure that a robust recycling chain is established. This is needed to accommodate the increasing
number of batteries, and minimize any potential health and environmental effects.

Both in California and nationally, the necessary recycling technology and infrastructure exists to
accommodate the current supply of spent conventional lead-acid batteries. One facility in the United
States is currently capable of recycling nickel-cadmium (NiCd) and nickel-metal hydride (NiMH)
batteries. Some recycling facilities exist for other battery types.

In Task 1. Assessment of Recycling Technology, several different EV battery technologies were
studied and ranked, based on their performance and recyclability. A review of battery technology was
performed in Task 1 as a basis for determining which batteries were to be considered for a detailed
relative impact analysis. The batteries chosen for further study are lead-acid, sealed bipolar lead-acid,
NiCd, NiMH (AB3 and ABj5 types), sodium-sulfur (NaS), sodium-nickel chloride (Na-NiCl»y), lithium-
iron sulfide, lithium-iron disulfide, lithium-polymer, lithium-ion, and zinc-air. A general description of
each battery, battery performance, and the stage of research for each battery is provided in Section 2.1 of
the Task 1 report.

Task 2: Assessment of Health Impacts assesses the relative health/hazard impact of the recycling
of these batteries, and provides a ranking based on each battery’s projected effect on human health and
the environment. It should be noted that the batteries are only ranked against each other, not against
other sources of environmental pollution. As such, this report does not represent an absolute health
impact assessment, but rather a relative health risk comparison. The result is a ranking of batteries,
based on their hazardous characteristics, to determine which of the batteries poses the greatest health risk
to humans and the environment, compared to the other batteries. This report includes a summary of the
battery materials, including their toxic and hazardous components, applicable regulatory requirements,
and battery performance characteristics. The assessment of battery impacts combines the fate of
hazardous materials with health/hazard attributes (e.g., carcinogenicity, toxicity, leachability,
flammability, reactivity). The first step is to determine the amount of hazardous substances introduced
into the environment by the different types of spent batteries. The term “spent battery” means a battery
that is no longer useful for providing electric power to a vehicle and thus enters the recycling stream.
The fate of each battery component is determined from the recycling technologies analyzed in Task 1 of
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SECTION 2

BATTERY RECYCLING EMISSIONS

Emissions from battery recycling are determined in terms of spent battery material usage per
mile and recycling facility emissions. The amount of battery material that must be recycled is
determined from the battery weight, mileage accumulation, and battery life. The first part of this study
determines the frequency of battery recycling and expresses the spent battery material on a per mile
basis.

2.1 Battery Performance

Performance parameters of EV batteries are important in the overall hazard assessment since a
battery that contains more toxic materials, such as a NiCd battery, will improve its ranking once its
longer life is taken into account. Some battery performance parameters (listed in the Task 1 report and
repeated here in updated version as Table 1) are used in Task 2 to determine the battery material
emissions produced during the recycling process. The following discussion covers the method and
inputs for determining spent battery material.

2.1.1 Battery Weight

Performance parameters are listed in Table 2. The values for battery weight in Table 2 represent
the total weight of the entire battery pack in the vehicle, not the weight of the individual cells. The
battery weights will represent a balance between vehicle range expectations and energy carrying
limitations. For some light-duty EVs, a 500 kg battery will provide a marginal to acceptable range of 87
to 287 miles. Lithium iron-disulfide and zinc-air batteries have such high energy densities that prototype
EVs have achieved over 300 miles range. We would expect that EVs built with these batteries would
have a lower battery weight. For purposes of simplicity in calculation, a light-duty vehicle (LDV)
battery for lead-acid through NiMH in Table 2 is assumed to weigh 500 kg, a medium duty vehicle
(MDV) battery weighs 700 kg, and a heavy-duty vehicle (HDV) battery weighs 2000 kg. This is
generally consistent with the literature. For batteries with a higher specific energy, including NaS
through zinc-air in Table 2, the range is assumed to be limited to 200 miles per charge for an LDV
battery and 110 miles per charge for an MDV battery, and the battery weight is calculated from
equation 1. HDV battery weights are only considered for lead-acid batteries. MDV and HDV batteries
are considered for the purpose of assessing total battery recycling demand.

If — disch
Range (mi) x (1 + sef—;%) x energy consumption (kWh/ mi)

Weight = (1
specific energy (Wh/kg) x (1 kW /1000 Wh) :




2.1.2 Expected Vehicle Range

The battery weights are used to determine the anticipated vehicle range. The specific energy and
self-discharge are typical values taken from the literature. The data on energy consumption per mile was
not always available in the literature, but energy consumption is heavily dependent on the size of the
vehicle and the way in which the vehicle is driven. Commonly actepted values are 0.2 kWh/mi for an
electric LDV and 0.4 kWh/mi for an electric MDV. Data on energy consumption was difficult to find for
heavy-duty electric vehicles. However, for an internal combustion vehicle (ICV), a light-duty engine
consumes about one-tenth of the energy of a heavy-duty transit bus. Therefore, a value of 2 kWh/mi was
taken for electric HDVs. The self-discharge factor (percent discharge per 48 hours) takes into
consideration the reduction in range due to charge loss when the battery is not in use. The formula for
calculating range is shown in equation 2.

Weight (kg) x [specific energy (Wh/! kg)] x (1 kWh/ 1000 Wh)
self - discharge)
2

Range (mi) = 2)

[energy consumption (KWh [ mi)] x (1 +

2.1.3 Mileage per Year

EV mileage accumulation is used to estimate the battery life, based on cycle life testing. Annual
mileage is also used to represent the spent battery material on a per mile basis. Average miles driven per
year may be less in the near term, since new electric vehicle owners will likely drive their EVs on more
short errand trips around town, while still using their gasoline vehicles for longer trips. However, 11,000
miles per year is a median value for LDVs, based on the EMFAC model for calculating vehicle miles
traveled (VMT) [10]. First year mileage for LDVs is closer to 15,000 miles per year. Medium-duty
vehicles typically travel 12,000 miles per year, and 40,000 miles per year is typical of a heavy-duty
transit bus (Source ARB). Thus, these median values represent conservatively low values. It should be
noted that, although the California ZEV mandate only includes light-duty vehicles, it is likely that a
small number of medium and heavy-duty vehicles will also be EVs. It was necessary to assume a certain
population of MDV and HDV EVs in order to determine the necessary recycling capacity for handling
California’s spent EV batteries. If both of these vehicle classes were ignored, the estimated capacity may
be inadequate.

2.1.4 Battery Life

This study estimates the battery life in years. Ideally, battery life can be determined from field
experience in EVs. Since such data are not available for all batteries, laboratory data and manufacturer
estimates must be used to determine battery life. The maximum practical battery life, in years, is
determined from the literature, where available. The battery life can also be predicted from the cycle
life. The cycle life indicates how many times a battery can be charged and discharged. Ideally, the cycle
life combined with the energy density represents the total amount of energy that can be delivered by the
battery before it must be replaced. The charging profile is not expected to have an impact on battery life.
Discharging a battery to 80 percent of its charge should have the same effect on battery life as
discharging the same battery 20 percent, four times. This premise is used to calculate the “theoretical”
battery life. For the range assumptions and battery weight assumptions shown in Table 2, the theoretical
life is considerably longer than the manufacturers’ estimates of calendar life, even if the battery is
assumed to be driven to only 80 percent of its range, or 80 percent depth of discharge. However, some
batteries have only been tested at the cell level, and have not been adequately tested at the vehicle level.
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Thus, their maximum calendar life cannot be accurately determined, although researchers and developers
have made estimates of their calendar lives. The high energy consumption of buses results in batteries
being cycle- life limited rather than calendar-life limited.

range(mi / charge) x 80% x (charges/ l{'fe)
(mi / yr)

Max. Theoretical Life (years) = (3)

2.1.5 Specific Battery Weight

The specific weight of the battery (in g/mile) is the estimated battery weight divided by the
estimated miles driven in the total life of the battery. Where possible, the actual life of the battery is
used in this calculation, instead of the theoretical life. This value is then used to determine the spent
battery material on a per mile basis for each battery.

[ Battery Wi. (kg)] < (1000 g / kg)
(mi / yr) x Life (years)

Specific Battery Weight (g / mi) = @)

2.2 Battery Composition

For the purpose of determining the fate of battery components, all compositions were reduced to
the metal elemental compositions; for instance, nickel is present in the NiMH batteries as Ni(OH)3, but

the battery composition (and subsequent fate and distribution) is calculated in terms of the amount of Ni.

The composition of each battery type was determined in order to assess the amount of toxic or
potentially hazardous material in each battery. Table 3 documents the battery compositions in detail.
The battery compositions are taken from manufacturer MSDS reports [1 1], manufacturer estimates, or
government studies whenever possible. In cases where these data are not available, engineering
estimates are based on the battery half-cell reactions. Some batteries, such as the NiMH, vary in
composition from manufacturer to manufacturer and by intended use. The compositions presented here
are those determined to be appropriate for electric vehicle use.

Materials listed under the “others” category in Table 3 are non-hazardous materials, including
items such as stainless steel, calcium, hydrogen, oxygen, and rare earth metals. The hydrogen and
oxygen lumped into the “others” column are simply the percentage of these elements that are present in
hydroxides, such as nickel hydroxide and lithium hydroxide. In cases where these substances are present
in the batteries, the percentage of nickel or lithium is listed separately under the column for those
specific metals. Stainless steel, although it contains chromium, is considered non-hazardous because the
chromium is in the form of Cr(III), which is relatively non-hazardous, rather than Cr(VI), which is highly
toxic. Stainless steel is also usually recycled. Other unspecified materials include separators, leveling
agents, insulation in high temperature batteries, composites, and unspecified metals. These are
unspecified in the MSDS because the manufacturer was not required to disclose them for environmental
compliance, due to their apparently non-hazardous nature. An example of such a material is the alpha
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and beta alumina electrolyte used in NaS batteries, which is a ceramic composite. While some
manufacturers include non-hazardous materials on the MSDS, many elect not to disclose these for
proprietary reasons.

2.2.1 Spent Battery Material Streams

The gram-per-mile fluxes of the spent battery materials, presented in Table 4, are calculated by
multiplying the specific weight in grams-per-mile times the percent of each respective material in the
battery. It is assumed that the percentage of the materials entering the recycling stream is proportional to
the percentage of materials in the battery. These fluxes represent those materials that enter the recycling
process as part of the spent batteries. Much of these materials will ultimately be reused as new product.
The small remainder is discharged to the environment (air, water, or land).

Spent Battery Material | &/ .| = specific battery weight & . x (% material) &)
P o4 mi mi

Figure 1 provides a graphic representation of the projected quantity of spent battery material that will be
generated each year for each battery type.

2.3 Fate of Battery Components
2.3.1 Recycling Scenario

The most likely recycling scenario for each battery type is used to determine the fate of the
battery components. In some cases, more than one recycling scenario is evaluated. Information about
the recycling process was obtained through government-sponsored studies, from the recyclers, and from
literature.

2.3.2 Air Emission Factors

Explicit ARB emissions factors are used for recycling processes wherever possible. Sources of
other emissicns factors include AP-42 and the U.S. EPA Factor Information Retrieval System (FIRE)
database, which is available on-line [12]. The FIRE system contains emissions factors from AP-42, state
emissions testing, and other sources. These emissions factors are characterized by pollutant, process,
source classification code, and several other categories. The quality of the emissions factors in AP-42
and in the FIRE database varies considerably. These figures represent an industry-wide average for a
specific process under stated conditions, and actual emissions may differ from these values. Also, AP-42
emissions factors are based on national figures, where the required emissions controls may be far more
lenient than in California. Acurex Environmental has not conducted any in-house source testing of
smelting or battery recycling operations. We have conducted source testing of electroplating operations,
but unfortunately these data are based on hours of operation rather than mass throughputs.

Some of the available emissions factors (from smelting operations, for instance) estimate emissions of
total particulate matter. In this case, the particulate emissions are assumed to be 100 percent metal, with
a composition proportional to the battery composition.



(suoy) prV-qd ADI
(suo) prov-ad AH
(suo) y14S

(suo)) PDIN

(suoy) ZdV HIWIN
(suol) gV HAIIN
(suo) s/eN

(suoy) Jowrkjog-11

(suoy) uof-¥

ODSNEEZCRAEHRNRK

o1oc

<i

saptaneg A uedg ejuiofije) wolj uopEInIeS PYIBIN JO [PAYT °F a3y

eax

ao_ou wo_ow \‘O_CN oo_ON mo_ou vo_ON mo_om Nc_om S_ON oo.om om_m_ mm.&

L661

L

000051

000002

0000ST

00000t

(3A/su0y) erwaojy e, Ul sauaNeg AH 1uéds



In most cases, emissions are assumed to be controlled by conventional technology. For instance,
in processes where baghouses or wet scrubbers are normally used, the efficiency of the control device is
factored into the emissions estimate. In some cases, the given emissions factor in AP-42 or FIRE
includes the control device. In other instances, the typical efficiency of a representative control device
was used to calculate the controlled emissions by using this efficiency in conjunction with an emissions
factor for an uncontrolled source. ’

In many instances, there are no explicit air emissions factors available. In these cases,
engineering judgment is used to apply an emissions factor for a similar process in order to estimate
emissions. For instance, there are no specific emissions factors for electrowinning lead-acid batteries.
However, electrowinning is a process similar to electroplating, and emissions factors for electroplating
can be used to estimate the electrowinning emissions. The air emissions factor for electroplating in the
FIRE database is 0.0033 percent, which is larger than the ARB emissions factor for secondary lead
smelters. The FIRE number is large because it is likely based on older facilities that only have emissions
controls with about 95 percent efficiency. New electroplating facilities in California have fugitive
emissions controls. Assuming control efficiency of 99.9 percent, the air emissions factor for the entire
electrowinning process corresponds to approximately 0.000066 percent. Similarly, for certain processes
an emissions factor for only one specific metal is available. Engineering judgment is then used to
extrapolate this emissions factor to other metals undergoing the same process.

2.3.3 Dioxin Emissions

Dioxin is of concern as a possible byproduct of battery recycling by incineration of the plastic
battery casings. Throughout this analysis, it is assumed that 100 percent of the plastic battery casing
(poiyethylene, polypropylene, Teflon, etc.) is recycled, since that is the practice in California. While
incineration of plastics is not done in California, it may be practiced in other parts of the country, at
secondary lead smelters or municipal waste incinerators. This report recommends that plastic battery
casings not be incinerated due to the potential to produce dioxin emissions.

2.3.4 Emission Factor Considerations

The emissions from récycling facilities are a critical element of the life cycle battery emissions.
Emissions are usually measured in terms of g/day from a facility, and are expressed as emissions factors
in percentage of facility output. Emissions factors are much more variable than battery performance
parameters because different facilities will have different degrees of emissions control. Different
emissions control requirements will depend on the location of the facility and date of construction. We
estimated emissions factors from various sources. The assumptions and regulations that apply to these
facilities may not always be consistent; however, they are the best estimate of the case studies
considered. Table 5 summarizes the key emissions factor assumptions for toxic metal air emissions. In
most instances, the same emissions factors were used for other metal emissions from the same case study
facilities. For example, copper emissions from assumed to be the same as lead emissions from
electrowinning (0.000066 percent).
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Air emissions for lead in conventional lead acid battery recycling (through smelting) are
obtained from ARB for secondary lead production operations involving lead smelting. It should be noted
that this factor represents more stringent controls than are used at secondary lead smelters in other parts
of the country. Particulate emissions from the recycling process are assumed to have the same
composition as the battery (i.e., the weight percent of the particulate matter emissions is assumed to
correspond to the battery metal composition). Emissions are always assumed to be controlled. H3504
emissions are only released as fugitive mist emissions during battery breaking and hammermill crushing.
There is no explicit emissions factor for H)SO4 in AP-42 or other sources, so a conservative estimate of
0.0001 percent is used.

No air emissions factors were found for electrowinning from AP-42, the FIRE database, or other
sources. However, because the electrowinning process is very similar to electroplating, cadmium plating
emissions factors (obtained from the FIRE database) are used to approximate metal emissions from
electrowinning, assuming more stringent fugitive emissions controls for electrowinning than are assumed
in the FIRE database. Assuming that the FIRE emissions factor of 0.0033 percent only incorporates 95
percent control efficiency, which corresponds to 5 percent release, and assuming that new facilities will
have at least 99.9 percent control, which corresponds to 0.1 percent release, the ration of 0.1 percentto 5
percent times the old emissions factor yields the new emissions factor used in this study, 0.000066
percent. In this case, the emissions factor is applied to each specific metal in Pb-acid batteries. Based on
a study by Arthur D. Little of a similar chemical process (used to recycle NiMH batteries), sponsored by
the National Renewable Energy Laboratory (NREL), 92 percent product recovery of metals is assumed,
except for lead, for which a 98 percent recovery is assumed. Plastics are assumed to be 100 percent
recovered, and the HpSOy that does not escape as fugitive emissions (during battery breaking) is
assumed to enter the wastewater stream.

Emissions are estimated from the recycling of two different types of lead acid batteries, regular
and sealed. Representative compositions are obtained from MSDSs. No information was obtained
regarding tubular lead acid or advanced lead acid battery compositions or recycling. Table 6, Table 7,
and Table 8 summarize the emissions estimate for recycling lead-acid batteries.

Table 6. Fate of Battery Materials-Sealed Lead-Acid, Smelting

Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water " Land Air
Pb 72.00% 95.00% 0.00% 5.00% 0.002%
Cu 0.75% 0.75% 0.00% 99.25% 0.003%
Cd 0.25% 0.25% 0.00% 99.75% 0.001%
Sb 0.30% 0.30% 0.00% 99.70% 0.001%
Sn 0.20% 0.00% 0.00% 100% 0.001%
Polypropylene 3.50% 100% 0.00% 0.00% 0.00%
H,S0, 20.50% 0.00% 100% 0.00% 0.0001%
Polyethylene 2.50% 100% 0.00% 0.00% 0.00%
Total 100% 74.41% 20.50% 5.09% 0.0015%
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Table 5. Air Emission Factors

Battery Material/ Recycling Air Emissions Source
Process Case (% of output)

Pb Smelting Pb Acid 0.002 ARB

Pb Electrowinning Pb Acid 0.000066 calculated

Ni Pyrometallurgical | NiCd, plastic | 0.0006 Geomet

Cd Pyrometallurgical | NiCd, plastic | 0.0006 Geomet

Ni Chemical NiMH AB3S 0.000066 calculated

Zn Smelting Zn Air .00064 ARB

2.3.5 Distribution of Battery Materials to Product, Land, and Water:

Mass balances are used to estimate the partitioning of battery components into different media
through recycling, when detailed data are not available. Some of the spent materials are recycled into
new products. Others are in liquid form when the recycling process is complete and are diverted into
wastewater treatment plants, which remove most of the metals and neutralize any acids or bases before
final discharge. Land discharge is estimated to be fifty times the water discharge. This is based on the
premise that most metals should be removed from water by the wastewater treatment plant, and
recovered, or converted to a sludge or filter cake, and landfilled. This emissions and discharge summary
takes into account only the composition of the battery itself. Except for the production of dioxins from
the incineration of plastics, it does not account for additional pollutants/materials introduced or criteria
pollutants (such as NOx, SOx, CO, etc.). It also does not account for the energy of production of these
materials or the energy needed to recycle. In other words, this analysis is a rough estimation of the
distribution of the battery materials during the recycling process, in order to estimate the environmental
impact of those battery components; it is not a life cycle analysis.

In the tables that follow, true zeroes are denoted by a zero without decimal places. Zeroes with
two decimal places indicate that essentially no material is distributed to that media.

2.3.6 Lead-Acid and Sealed Bi-Polar Lead-Acid

An EPA study, Characterization of Priority Pollutants from a Secondary Lead and
Manufacturing Facility (1979) [13), was referenced to determine the apportioning of metals in the
various waste streams from recycling lead-acid batteries. This study characterizes the amount of
material recovered and remaining in the wastewater and landfill streams, accounting for amount of
pollutants removed in the treatment plant. Because this study deals with several different operations,
including battery manufacturing and lead oxide manufacturing, that are not of direct interest to the
recycling process of concern in this study, only the applicable waste streams are considered. The
quantity of batteries recycled is used to normalize the metals in the various streams, based on the battery
throughput. In many cases, the solid waste fraction of a given metal is determined by a mass balance.
Because this study involved a more complex process than simple battery recycling alone, it accounts for
emissions and discharges of trace amounts of certain metals that may not be listed as components in the
MSDS for the two battery types considered in this evaluation. In the case of copper, the percentage
recovered as product is very low (<1%), since the amount of Cu in the battery is very small and is largely
incorporated in the slag that ends up as solid waste.
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Table 12. Fate of Battery Materials-NiMH AB,, Pyrometallurgical Process

Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water “Land Air
Ni 24.01% 98.00% 0.04% 1.96% 0.0006%
Fe 43.50% 96.00% 0.08% 3.92% 0.0006%
v 7.11% 98.00% 0.04% 1.96% 0.0006%
Zr 2.50% 98.00% 0.04% 1.96% 0.0006%
Ti 0.79% 98.00% 0.04% 1.96% 0.0006%
Cr 2.14% 98.00% 0.04% 1.96% 0.0006%
Al 0.37% 98.00% 0.04% 1.96% 0.0006%
KOH 3.00% 0.00% 100% 0.00% 0.0006%
H,O 6.00% 0.00% 100% 0.00% 0.00%
Leveling agents 1.00% 0.00% 100% 0.00% 0.00%
Polypropylene 5.00% 100% 0.00% 0.00% 0.00%
Other 4.58% 0.00% 100% 0.00% 0.00%
Total 100% 82.94% 14.63% 2.43% 0.0005%
ble 13. Fate of Battery Materials-NiMH AB,, Chemical Process
Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water Land Air
Ni 2841% 92.50% 0.00% 7.50% 0.000066%
Fe 43.50% 92.70% 0.00% 7.31% 0.000066%
La 3.20% 0.00% 0.00% 100% 0.000066%
Ce 0.20% 0.00% 0.00% 100% 0.000066%
Pr 1.40% 0.00% 0.00% 100% 0.000066%
Nd 0.16% 0.00% 0.00% 100% 0.000066%
Co 1.67% 83.83% 0.00% 16.17% 0.000066%
Mn 0.78% 0.00% 0.00% 100% 0.000066%
Al 0.29% 0.00% 0.00% 100% 0.000066%
KOH 3.00% 0.00% 100% 0.00% 0.00%
H,O 6.00% 0.00% 100% 0.00% 0.00%
Leveling agents 1.00% 0.00% 100% 0.00% 0.00%
Polypropylene 5.00% 100% 0.00% 0.00% 0.00%
Ni(OH), 5.39% 0.00% 100% 0.00% 0.00%
Total 100% 73.00% 15.39% 11.61% 0.0001%
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Table 7. Fate of Battery Materials-Lead-Acid, Smelting

Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water Land Air
Pb 60.00% 95.00% 0.00% 5.00% 0.002%
Sb 2.00% 0.30% 0.004%] . 99.69% 0.001%
As 0.20% 0.00% 0.00% 100.00% 0.001%
Ca 0.20% 0.00% 0.00% 100.00% 0.001%
Sn 0.20% 0.00% 0.00% 100.00% 0.001%
Polypropylene, etc. 5.00% 99.98% 0.00% 0.00% 0.018%
H,S0, 22.40% 0.00% 100% 0.00% 0.0001%
glass reinforced PE 10.00% 99.96% 0.00% 0.00% 0.04%
Total 100% 72.00% 22.40% 5.59% 0.0061%

Table 8. Fate of Battery Materials-Lead-Acid, Electrowinning

Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water Land Air
Pb 60.00% 98.00% 0.04% 1.96% 0.000066%
Sb 2.00% 92.00% 0.16% 7.84% 0.000066%
As 0.20% 0.00% 2.00% 98.00% 0.000066%
Ca 0.20% 92.00% 0.16% 7.84% 0.000066%
Sn 0.20% 92.00% 0.16% 7.84% 0.000066%
Polypropylene, €tc. 5.00% 100.00% 0.00% 0.00% 0.00%
H,80, 22.40% 0.00% 100% 0.00% 0.0001%
glass reinforced PE 10.00% 100.00% 0.00% 0.00% 0.00%
Total 100% 76.01% 22.43% 1.56% 0.00006%

2.3.7 Nickel-Cadmium

The NiCd battery compositions are obtained from a study by Geomet Technologies, Inc.,
sponsored by the Electric Power Research Institute (EPRI) [14]. The process employed by INMETCO, a
NiCd recycler in Pennsylvania, is used here as a representative model for NiCd battery recycling [15]. In
this pyrometallurgical process, the metals are sent through both a rotary hearth furnace and an electric
arc furnace to recover the Ni. Conventional control devices are assumed. The dust from the electric arc
baghouse and the filter cake from the post-wet-scrubber wastewater treatment plant are collected and
sent offsite for hydrometallurgical recovery of Cd. The hydrometallurgical process is assumed to have
minimal air emissions. The emissions from these two processes are added to obtain a total emissions
rate. The Geomet study has calculated the amount of metal in the wastewater, solid waste, and air
emissions streams. The amount of product is then estimated, using a mass balance. Table 9 lists the

assumed emissions rates for NiCd recycling.
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2.3.9 Sodium-Sulfur

The composition of Na$ batteries is estimated, in part, from information obtained from Silent
Power, a company which has developed a recycling process for these batteries [17]. The amounts of Na,
S, and stainless steel were obtained from this source. MSDS information is available only for the
individual constituents of the battery, not for the overall battery composition. Therefore, the weight
percentages of alpha alumina, beta alumina (NapO-XAl203, where x = an integer from 5 to 11),
insulation, the cell case, and carbon fiber/graphite are estimates.

Although there are several different recycling processes for NaS batteries, the recycling process
developed by Silent Power is used as the basis for determining the fate and distribution of the battery
materials. The Silent Power process involves acidic oxidation followed by the Claus process, yielding
sodium sulfate and elemental sulfur.

Air emissions from this process are negligible, with the exception of small amounts of H2SO4.
Product recoveries for Na, S, and steel were estimated by Silent Power to be 90 percent. The recovery of
alpha and beta alumina is assumed to equal 90 percent as well. The insulation, cell case, and carbon
fiber/graphite are assumed to be landfilled. Of the materials that were not recovered, the remaining
distribution is assumed to be apportioned 98 percent as non-hazardous solid waste and 2 percent as
wastewater. Distribution of emissions from this process is listed in Table 16.

Table 16. Fate of Battery Materials-Sodium-Sulfur

Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water Land Air
Na 8.3% 90.00% 0.20% 9.80% 0.0001%
S, as H,S0, 15.4% 90.00% 0.20% 9.80% 0.0001%
Stainless steel 20.0% 90.00% 0.20% 9.80% 0.00%
Alpha alumina 20.0% 90.00% 0.20% 9.80% 0.00%
Beta alumina 20.0% 90.00% 0.20% 9.80% 0.00%
Insulation 5.0% 0.00% 0.00% 100% 0.00%
Cell case - 10.0% 0.00% 0.00% 100% 0.00%
Carbon fiber/graphite 1.3% 0.00% 0.00% 100% 0.00%
Total 100% 75.33% 0.17% 24.50% 0.00002%

2.3.10 Sodium-Nickel Chloride

The MSDSs for Na-NiCly batteries do not provide quantifications of the overall battery
composition, although they list the following battery contents: NaCl, Na metal, nickel, and nickel
chloride. The battery composition is therefore estimated, using the stoichiometric half-cell reaction.
Steel is assumed to be the only casing material.

A process for recycling Na-NiCly batteries has been developed at the bench scale by AEG
Corporation [18]. This process involves leaching and precipitation followed by metallurgical processing
of nickel and steel and is used as the basis for Na-NiCly recycling in this study. AEG estimates that 90
percent of the nickel may be recovered in this process. The air emissions for nickel are the same as those
applied to NiCd and NiMH smelting, which were adapted from the Geomet study [14]. A control device
with an efficiency of 95 percent is assumed for this evaluation. This emissions factor has been adapted
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Table 14. Fate of Battery Materials-NiMH ABg, Physical/Chemical Process

Chemical Battery Composition| Distribution of Chemicals during Recyeling (wt % of total)
(wt %) Product Water " Land Air
Ni 28.41% 94.72% 0.00% 5.28% 0.000066%
Fe 43.50% 99.66% 0.00%] . 0.34% 0.000066%
La 3.20% 100% 0.00% 0.00% 0.000066%
Ce 0.20% 100% 0.00% 0.00% 0.000066%
Pr 1.40% 100% 0.00% 0.00% 0.000066%
Nd 0.16% 100% 0.00% 0.00% 0.000066%
Co 1.67% 100% 0.00% 0.00% 0.000066%
Mn 0.78% 100% 0.00% 0.00% 0.000066%
Al 0.29% 100% 0.00% 0.00% 0.000066%
KOH 3.00% 0.00% 100% 0.00% 0.000%
H,0 6.00% 0.00% 100% 0.00% 0.000%
Leveling agents 1.00% 0.00% 100% 0.00% 0.000%
Polypropylene 5.00% 100% 0.00% 0.00% 0.000%
Other 5.39% 0.00% 100% 0.00% 0.000%
Total 100% 82.96% 15.39% 1.65% 0.0001%
Table 15. Fate of Battery Materials-NiMH AB;, Pyrometallurgical Process
Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water Land Air
Ni 2841% 99.997% 0.002% 0.003% 0.0006%
Fe 43.50% 99.266% 0.733% 0.00% 0.0006%
La 3.20% 99.999% 0.00% 0.00% 0.0006%
Ce 0.20% 99.999% 0.00% 0.00% 0.0006%
Pr 1.40% 99.999% 0.00% 0.00% 0.0006%
Nd 0.16% 99.999% 0.00% 0.00% 0.0006%
Co 1.67% 98.503% 0.00% 1.496% 0.0006%
Mn 0.78% 99.999% 0.00% 0.00% 0.0006%
Al 0.29% 99.999% 0.00% 0.00% 0.0006%
KOH 3.00% 100% 0.00% 0.00% 0.0006%
H,O 6.00% 0.00% 100% 0.00% 0.00%
Leveling agents 1.00% 0.00% 100% 0.00% 0.00%
Polypropylene 5.00% 100% 0.00% 0.00% 0.00%
Other 5.39% 0.00% 100% 0.00% 0.00%
Total 100% 87.26% 12.71% 0.03% 0.0005%
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Table 18. Fate of Battery Materials-Lithium-Iron Sulfide

Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water Land Air
Li 8.3% 65.00% 0.00% 35.00% 0.0001%
Fe 33.0% 65.00% 0.00% 35.00% 0.0001%
S 18.8% 65.00% 0.00% 35.00% 0.0001%
Electrolyte 25.0% 65.00% 0.00% 35.00% 0.0001%
Casing (Teflon) 15.0% 100% 0.00% 0.00% 0.00%
Total 100% 70.25% 0.00% 29.75% 0.0001%
Table 19. Fate of Battery Materials-Lithium-Iron Disulfide
Chemical Battery Compesition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water Land Air
Li 11.3% 65.00% 0.00% 35.00% 0.0001%
Fe 22.5% 65.00% 0.00% 35.00% 0.0001%
S 26.3% 65.00% 0.00% 35.00% 0.0001%
Electrolyte 25.0% 65.00% 0.00% 35.00% 0.0001%
Casing (Teflon) 15.0% 100% 0.00% 0.00% 0.00%
Total 100% 70.25% 0.00% 29.75% 0.0001%
Table 20. Fate of Battery Materials-Lithium Polymer
Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water Land Air
Li 15.0% 65.0% 0.0% 35.0% 0.0001%
Polymer 30.0% 10.0% 0.0% 90.0% 0.0001%
Polyethylene 13.0% 65.0% 0.0% 35.0% 0.0001%
Cu 6.0% 65.0% 0.0% 35.0% 0.0001%
Metal, unspecified 6.0% 65.0% 0.0% 35.0% 0.0001%
Composite 30.0% 10.0% 0.0% 90.0% 0.0%
Total 100% 32.0% 0.0% 68.0% 0.0001%
Table 21. Fate of Battery Materials-Lithium Ion
Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water Land Air
Li 2.1% 65.00% 0.00% 35.00% 0.0001%
Ni 35.4% 65.00% 0.00% 35.00% 0.0001%
p 0.9% 65.00% 0.00% 35.00% 0.0001%
F 3.4% 65.00% 0.00% 35.00% 0.0001%
C 18.1% 65.00% 0.00% 35.00% 0.0001%
O 19.3% 65.00% 0.00% 35.00% 0.0001%
Organic electrolyte 6.0% 10.00% 0.00% 90.00% 0.0001%
Teflon 14.9% 100% 0.00% 0.00% 0.00%
Total 100% 66.97% 0.00% 33.16% 0.0001%

22




for Fe and Al emissions as well. A 90 percent product recovery rate is assumed for Na, Al, Fe, and steel.

The remainder of these metals is assumed to be distributed to the land and w

percent ratio. The process emissions rates are shown in Table 17,

Table 17. Fate of Battery Materials-Sodium-Nickel Chloride

ater in a 98 percent: 2

Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water Land Air
Na 11.9% 90.00% 0.20% 9.80% 0.0001%
Ni 15.3% 90.00% 0.20% 9.80% 0.0006%
Cl 11.3% 0.00% 100% 0.00% 0.0001%
Al 18.0% 90.00% 0.20% 9.75% 0.05%
Steel 43.5% 90.00% 0.20% 9.80% 0.00%
Total 100% 79.83% 11.48% 8.68% 0.009%

2.3.11 Lithium Batteries

There are four types of lithium batteries under consideration in this study: LiFeS, LiFeSy, Li-
polymer, and Li-ion. The compositions of the LiFeS and the LiFeSy batteries are estimated using the
stoichiometric half-cell reactions as a basis, combined with engineering estimates. The Li-polymer
battery composition is based on semiquantitative information from the Jowrnal of Power Sources 43-44
(1993), 195-208 [19]. Li-ion battery composition is based on an article by G. Sarre et al. (SAFT) and
input from EPRI battery specialists combined with engineering estimates [8]. Current versions of
lithium-ion batteries have a relatively high weight percentage of nickel, which is present on the positive
electrode in a molar ratio of approximately 1 mole Li: 2 moles Ni. Advanced versions of this battery are
likely to replace most of the nickel with manganese, although some nickel may still be present in a molar
ratio approximating 1 mole Li: 1.8 moles Mn: 0.2 moles Ni. The recycling process used by Toxco, a
U.S. company with a recycling facility in British Columbia, salvages 10 to 65 percent of the inputs as
products, while 35 percent of the mass input is emitted as off-gases or non-hazardous solid waste [71.
For this analysis, 65 percent of all metals, 10 percent of polymer or composite materials, and 100 percent
of Teflon/casing material are assumed to be recycled. The remainder is assumed to be landfilled. No
hazardous air emissions or wastewater are generated from this process. Emissions of metals (Li and Fe)
into the air are assumed to consist only of random fugitive losses of about 0.000] percent. The
distribution of battery materials to air, water, land, and recycled product for each of the lithium batteries
is shown in Tables 18-21. The lithjum that ultimately goes to the landfills is in an oxidized, non-
hazardous state.
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2.3.13.1 Silver Recovery from Photo Processing

The majority of spent photo processing chemicals and wash waters are discharged to sanitary
sewers. However, before they can be discharged, they must meet very strict discharge limits, and the
chemicals are often regenerated several times before they are officially declared spent. Silver is the
primary contaminant that is recovered as silver halides, from the emulsion on the film and paper. There
are several processes for recovering silver and regenerating the chemicals. These include metal
replacement cartridges (MRC), electrowinning, and ion exchange, by various combinations of these three
methods, depending on which chemical solution is being desilvered/regenerated [20].

Metal Replacement Cartridges MRC units are typically constructed of sealed plastic housing, with
capacities ranging from 0.75 gal to 15 gal. The center of the cartridge contains the metal replacement
material, usually steel wool, although iron, aluminum, and zinc mesh screens are also used. As the
silver-containing solution (developer, bleach, fixer, wash, or stabilizer) flows through the unit, the active
metal in the center (iron) reacts with the silver thiosulfate and goes into solution, while the silver settles
out as a sludge. MRCs can recover as much as 80 percent of the silver in complex as metallic silver.
The effluent can contain as little as 1 mg/L. However, when the MRC is at about 85 percent capacity,
the efficiency drops off and breakthrough occurs, resulting in effluents containing as much as 50 to 100
mg/L. When this occurs, the MRC should be replaced [20].

Electrowinning Electrolytic recovery is a very efficient method of silver recovery. The process
operates by passing an electric current from the anode to the cathode, through the concentrated silver
solution. The silver plates out as nearly pure metal on the cathode. Typically, a current of 8 amperes
can provide a recovery of 31 g/hr, as long as the silver concentration in the solution does not drop below
| mg/L. Below this concentration, the efficiency deteriorates quickly. The most efficient silver recovery
method is electrowinning, followed by a metal replacement cartridge. This configuration can recover as
much as 99 percent of the silver in solution [20].

lon Exchange lon exchange is an effective silver recovery method for solutions with a low silver
concentration, such as wash waters. However, it is usually only feasible for photoshops that have large
volumes of dilute wash waters or strict effluent discharge limits. In wash waters, silver is present in a
complex with thiosulfate ions. This complex must be removed by an anion-exchange resin. The resin
can remove as much as 96 percent of the silver complex into a much more concentrated solution. The
concentrated solution is then treated with electrowinning to remove the silver in metallic form [20].

2.3.13.2 Metal Recovery from Electronic Components

Metal recovery associated with printed circuit boards is often limited to recovery from the
metallic plating or rinse solutions associated with the manufacture of the printed circuit boards, rather
than the recycling of the boards themselves. The plating bath chemicals may include nickel, copper, tin,
lead, and gold. The spent plating solutions containing metals are often recovered using electrolyte
reactors, which yield high recoveries (about 90 percent for Cu; not as high for tin and lead). In other
cases, metal concentrates may be sent to smelters or other secondary recovery operations.
Electrowinning may be used to recover metal hydroxide sludge from the filter press cakes of acid stream
precipitators [21]. )

Some electronic components used in commercial applications are completely recycled.
Components such as computers and monitors can be disassembled and valuable components, such as
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2.3.12 Zinc-Air

The recycling process for zinc-air batteries used as the basis for this evaluation is the one used by
Recovery and Reclamation, a Texas-based company [6]. In this process, the batteries are broken open
and the cells are washed with KOH to flush off the ZnO. The ZnO/KOH solution is run through a filter
press to remove the KOH. The dried ZnO is either sold to a zinc company or a plating company. The air
emissions from recovery of metallic zinc through smelting was estimated using emissions rates for zinc
smelting processes in California. A product recovery of 90 percent is assumed. The remaining metal is
assumed to be apportioned to solid waste and wastewater in a 98 percent: 2 percent ratio. The
distribution of emissions from this process is listed in Table 22. Here again, for the nickel smelting, the
same air emissions factor is applied here as was applied to NiCd and NiMH smelting operations,
developed from the Geomet study [14].

Table 22. Fate of Battery Materials-Zinc Air

Chemical Battery Composition| Distribution of Chemicals during Recycling (wt % of total)
(wt %) Product Water Land Air
Zn 40.0% 90.00% 9.81% 0.19% 0.00064%
Ni 10.0% 90.00% 9.80% 0.20% 0.00060%
KOH 30.0% 0.00% 100% 0.00% 0.00%
Polypropylene, PE 10.0% 100% 0.00% 0.00% 0.00%
Teflon 3.0% 100% 0.00% 0.00% 0.00%
Lamp black carbon 2.0% 0.00% 0.00% 100% 0.00%
Catalysts (metals) 0.5% 90.00% 9.81% 0.19% 0.00064%
Other 4.5% 0.00% 0.00% 100% 0.00%
Total 100% 58.45% 34.95% 6.60% 0.0003%

2.3.13 Comparison with Other Metals Recycling Processes

Recycling practices vary considerably for metals used in non-EV battery applications. Recycling
is fairly common for commercial uses of toxic metals, while many consumer products are disposed of in
landfills. Examples of hazardous metals that are disposed of by consumers include the following:

Municipalities provide little opportunities to su;
Presumably, several pounds of metals per person
photographic products, and others, find their way
exempt from many of the hazardous waste rules that

Copper wire, heat exchangers

¢ Consumer batteries (which include NiMH and Li-ion)
¢ Photographic negatives

* Consumer ¢lectronics, components, circuit boards

*  Mirrors

* Brass pens

[ ]

Many toxic metals are recycled by businesses.
components, batteries, automotive parts, and others.
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Table 23. Summary of EV Battery Market Share Estimates

Battery Estimated market potential Estimated market share of new LDVs &
MDVs (%)
Maximum Comment Near term Mid term Long term
long term 2000 2005 2010
market )
Lead-Acid 100 Current market share. 38 0 0
Sealed Bipolar 70 Now in pilot 15 10 6
Lead-Acid production.
NiCd 40 Cadmium Council 5 0 0
estimate, expensive.
NiMH-AB, 30 Performs as well as 10 10 7
NiCd but less toxic.
Pilot plant being built.
NiMH-AB;, 30 Performs as well as 10 10 7
NiCd but less toxic.
Pilot plant being built.
NaS 50 Supported by Ford. 2 0 0
Na-NiCl, 50 Built by AEG for 0 0 0
Mercedes.
LiFeS 20 Long term substitute for 0 0 0
Na-NiCl, corrosion
problems
LiFeS, 30 Disulfide has higher 0 0 0
energy, corrosion
problems.
Zn/Air 10 Primary battery, not 0 0 0
rechargeable.
Li Polymer 50 Promising long-term 0 30 50
battery, some current
military applications.
Lilon 50 Low cost, high energy. 20 40 30
Currently used in
motorcycles and
consumer products.
New Light and Medium Duty EVs in CA 37,595 203,350 217,440
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memory chips and microprocessors, are removed. Other components, such as capacitors, coils, and
resistors, can be desoldered and reused, but generally are not reused in the United States. Batteries are
removed for recycling and the computer is sent to a shredder. The shredded material is smelted to
recover metals, including lead, copper, and gold. Other electronic items, such as cash registers, are
recycled in a similar manner [21].

2.3.13.3 Industrial Metal Recycling

Many metals used in commercial applications are recycled. Toxic metals that are frequently
recycled include lead from bearings and copper wire. Nickel and chromium are present in stainless steel,
which is extensively recycled. This mixed metal mixed is called mischmetal and is a primary constituent
for new stainless steel production.

2.3.14 Environmental Loadings

The total environmental loading associated with each battery type is calculated according to Eq.
6 below. This equation represents the total environmental loading from electric vehicles sold in any
given year, including the recycled products, and air, water, and land emissions of each component. The
ton-per-year emissions take into account the anticipated market share of each battery and the total
vehicle population. The market share and total vehicle population were presented in Tables 4 and A2 of
Task 1: Assessment of Recycling Technology, and are repeated here as Table 23 and Table 24 (total EVs
for a given year for LDVs, MDVs and HDVs) respectively. The (mi/yr) is also given in Table 24 as
average annual mileage and (g material/mi) is given for each spent battery material for each battery type
in Table 4. The environmental loadings presented in Table 25 and Table 26 represent the total mass
emissions of each material in the spent batteries that will ultimately enter the waste stream, based on the
total number of spent batteries available. Note that there will be a delay due to the lag in recycling. This
delay varies depending on the cycle life of each battery type. Therefore, the figures in Tables 25 and 26
represent the maximum potential impact of recycling all EV batteries present in 2000 and 2010.

Spent Battery Material ('0’75/},,-) =(1.02 x 10-6 fonsy gIx (8 mater ial/mf)x (”’i/yr)x(% market share} x (¥ vehicles) (6)

Assuming that this entire amount then enters the recycling stream, a percentage of this amount
will become product, and additional percentages will enter the air, water, and land media, as indicated in
Tables 6-22. Thus, the environmental loadings represent the sum of the potential recycled product, air,
water, and land emissions.
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SECTION 3
HEALTH/HAZARD IMPACT ANALYSIS

A multi-attribute impact analysis was performed on the health and hazard effects resulting from
the recycling and disposal of each seiected battery type. Several obstacles prevent a rigorous quantitative
analysis of the integrated risks of battery recycling. Performing a risk assessment of cancer cases, toxic
exposures, and recycling hazards would require extensive evaluations of emissions sources, population
distributions, atmospheric conditions, and other appropriate parameters, which are outside the scope of
this study. Instead, this study uses a semi-qualitative ranking to weight the relative impact of different
battery types and different recycling options against each other. Appendix A provides the assessment
methodology used to determine the likely health and hazard impacts from each battery type and
recycling approach. Although there is a separate discussion of the hazard issue included in this section
(addressing flammability, reactivity, leachability, and corrosivity), the hazard impact has been integrated
into one health/hazard score, to allow evaluation of all the battery types with a single parameter. This
chapter describes the methodology used and the justifications employed. The impact analysis begins
with the transport of the spent batteries from the collection center to the recycling facility. It does not
consider in-use hazards or vehicle operational hazards.

3.1 Health/Hazard Evaluation Methodology

In performing a health and hazard impact assessment, it is necessary to translate the emissions of
various battery materials of concern into a health or hazard impact. There are both quantitative and
qualitative methodologies to perform this task. Quantitatively, impact assessment methodologies have
been developed that utilize available health or hazard information to quantify impacts. A typical
quantitative impact assessment might take the stack emissions rate from a given battery recycling
operation and apply a dispersion model to the emissions, to determine the concentration of poliutants in
the air that reaches the target population. Using the concentration of the pollutant in the air (and
sometimes land and water), and using risk factors developed by scientists and public health agencies, the
assessor determines the likelihood that exposure to that pollutant at that given concentration for a given
number of years will significantly impact the health of the target population, and by how great a degree.
These methodologies use factors such as cancer potency and reference exposure limits (RELs)1, below
which adverse health/hazard impacts are not anticipated. One comprehensive methodology that has been
developed for lead impacts is the Integrated Exposure Uptake Biokinetic Model for Lead in Children
(IEUBK). It quantifies lead intake from air, water, soil, dust, food, paint, and other sources, and
translates this intake into blood lead levels for children up to 7 years old, using pharmacokinetic
modeling. The IEUBK model was designed to predict exposure and total uptake of lead only. Since
there are many metals and other potentially hazardous substances under consideration in this project, the
IEUBK model could not be utilized for the relative assessment under development here.

Sometimes it is not possible to perform a quantitative impact assessment because of questionable
emissions data quality, unknown meteorology impacts, insufficient knowledge about health endpoints for
the pollutant(s) under consideration, and other factors. Such a situation arose in this research effort. In
this health/hazard impact assessment, we found uncertainty surrounding the quantification of the
emissions rates themselves. Many of the batteries evaluated are not yet in commercial production, and,
therefore, are of somewhat uncertain final formulation, and the recycling procedures may not yet be fully
developed for each particular battery. Emissions from recycling batteries at existing facilities were not

! These and subsequent health impact terms are defined in the footnotes to Table 27.
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ten times that of another battery does not necessarily have ten times the impact. For ease in examination,
the results were normalized.

Emissions to the air were given prime consideration, while emissions to the water and discharges
to the land were not specifically incorporated. The environmental exposures resulting from the battery
recycling processes are mostly from air, and inhalation of airborne ¢ontaminants is the primary exposure
route for potential receptors. It is very difficult to evaluate ingestion exposure pathways, given the
limited emissions data. In addition, evaluation of these secondary pathways is beyond the scope of this
study. However, the effects of soil deposition of airborne metals and contaminants should not be
dismissed. Over time, airborne metals and other potentially hazardous substances may deposit,
accumulate, and persist in the soils near recycling facilities. This could pose health concerns to
individuals living in the vicinity of the facility from exposure to contaminated soil and windblown dust,
long after the facility has shut down. In fact, health effects associated with exposure to lead, originating
from vehicular or stationary sources, have been attributed to inadvertent ingestion of lead-contaminated
soils, especially by children.

3.2 Health/Hazard Attributes

Health and hazard attributes considered in this study include carcinogenicity, chronic and acute
toxicity, ecotoxicological potential, flammability, and reactivity, as shown in Table 28. The weightings
attempt to reflect the relative importance of each attribute, as well as, to some extent, the population
exposed. For example, flammability and reactivity will mostly affect the worker, whereas airborne
carcinogens will impact the surrounding community as a whole. Given the relatively low emissions
rates, health impacts from chronic exposure were given significant weights. Each battery constituent was
evaluated for each of these attributes. The resultant scores were summed and multiplied by the g/mi
spent battery mass of that compound and the percent of that compound emitted to the air was associated
with the given recycling technology, as shown in Equation 7. Finally the results were normalized. Table
27 summarizes health and hazard attributes for the various battery materials. Further health and
environmental information is available in the references, as well as in Appendix B.
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well quantified, leading to excessive uncertainty in a quantitative analysis. Although the metals under
analysis were relatively well studied in terms of human health effects, data gaps still exist. The general
tendency in most analyses is to assume zero impact where there are no data to suggest otherwise. This
may or may not be an appropriate assumption for compounds that have not yet been thoroughly
evaluated. Finally, during the course of this project, the ARB identified inorganic and compound lead as
a Toxic Air Contaminant (TAC), with no identified threshold REL. Without an identified REL for lead,
it is not possible to estimate health impacts by using quantitative impact assessment procedures.
Therefore, we decided to utilize a qualitative impact assessment methodology for this project.

There are a variety of qualitative assessment methodologies available that could have been
utilized in this project (e.g., Graedel, Allenby, Steele [33] ). For this study, we decided to modify the
Toxic Air Contaminant Prioritization Scheme, developed by the Office of Environmental Health Hazard
Assessment (OEHHA) and the ARB. The methodology is simple to understand. It utilizes the health
information that would normally be used in a quantitative impact assessment, where available, such as
cancer potency slopes, and RELSs, but also includes measures for compounds that lack these data or are
less well understood. The procedure results in rankings: for example, cancer potencies are assigned a
score depending on where the unit risk factor for a given compound or element falls in an established
range. The individual assessment items are multiplied by the compound’s emissions. Those with a high
total score are good candidates for further investigation as potential contaminants of concern, under the
OEHHA evaluation.

For this project, the protocol was modified to more closely reflect the project’s needs. For
instance, the original protocol included an item to assess the likelihood of the compound under
consideration to bioaccumulate, biopersist, or biomagnify. Some organic compounds will break down
over time, while metals tend to persist and might accumulate in the soil, water, and local wildlife,
remaining for years after exposure has otherwise ceased. Since almost all the pollutants being
investigated in this project are metals, the item offered little to the final analysis. Instead, an alternate
measure of ecotoxicological potential was developed by staff at OEHHA that more closely reflects
differences in the ecotoxicological potential of the pollutants under consideration in this study. The
modified protocol is included in this report as Appendix A. Each component of the protocol is discussed
in the following pages.

Health and environmental data, such as cancer potency factors and acute and chronic RELs, were
obtained from the ARB, OEHHA, IRIS, and other public sources, and are presented in Table 27. In some
cases, the impact of the pollutant is form-dependent. For example, while hexavalent chromium is highly
toxic and carcinogenic, on soil deposition it rapidly binds to organic compounds, and is converted to
trivalent chromium. Trivalent chromium has low toxicity and is not carcinogenic. Where the emitted
form was known, the specific impacts were incorporated. The impact of all the individual compounds
emitted for a given battery type and battery recycling process were then summarized, as shown in the
following equation:

Z(battery constituent score);(g/mi) i(% emitted to air) ; )

T3%1]
1

where “i” is each constituent of the battery

This calculation is made for each battery type under each identified recycling option. When

analyzing these totals, it is important to recall that the numbers reflect relative rankings; the scores
themselves hold little meaning in terms of quantifying hazard or health impact. A battery with a score
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Material TARC/EPA Cancer Ingestion RI Flammability Rate Reactivity Rate
Classification® | Potency (unit | Cancer (A2 (NFFAY' (NFPA)
risk, m*/ug)® | Potential®
Al - : 5¢ 1 1
Sb 2B - Maybe 0. 0 1
(ShOs)
As A 33e3 Yes 0. 0 1
Cd 1 42e3 No 3. 0 0
C, black 2B T.7e5 Prob. no 3 0 0
(extracts}
Cl N - 7. 0 0
Cr(ll) - Maybe 5( 0 0
Ca 2B - Prob. no 3T 0 0
Cu 3 - 2. 0 0
F 3 (M'rides) - A 0 4
Fe NR - - 5t 4 0
Pb 7B 1.2¢5 Yes N 0 0
th
Li NR - - 2t 2 2
Mn D - 0. 0 0
N A 2.6e4 Prob. no 0 0 0
P D B 0 4 2
Na (NaOH) | NR 5 - 4 3 2
S NR - - 5 1 0
Sn NR pli 0 0
Ti NR - 0 0
v NR : . 3 0 0
Zn D - : 3. 0 0
Zr NR 3 0 0
Rarc Earths | NR 0 0
H,S80, - - - 1t 0 2
KOH NE 2 0 1
NaAICl, NR 0 1
Plastics NR 3

* These are secondary MCLs, based on consumer acceptance levels (
+ Carbon black is listed in CAPCOA guidelines as 1% PAHs. This i

NR — no ratings found

® Sec end of Appendix A for a definition of these classifications.
The Cancer Potency o slope factor is a plausible upper-bound estir'’® toapo
Stationary Source Division.

© This assesses whether ingesting the compound could potentially lez

4 The Reference Exposure Limit, or REL, is the airbome concentrati
© MCL and MCLG, are the Maximum Contaminant Level and MCLS, and health effects. MCLs are enforceable standards which must be met by all
Jfety. MCLGs arc non-enforceable health goals and are strictly health-based. The

tential carcinogen. These values were primarily obtained from ARB’s

public drinking water systems to. which they apply. The MCLG i
values were obtained from OEHHA.
d The number of organ systems affected, and the nature of these effe
| DHS adopted the US EPA action level under the Lead and Copper
£ The PEL. Or Permissible Exposure Limit, is the maximum permitt .
% The Ambient Water Quality Chronic Criteria for fresh or marine a{alue is hardness- dependent. “***” indicates that they are Suter 11 rather than A
AWQC values. .
! The NOAEL, or No Observed Adverse Effect Level, is an exposuré® values were obtained from OEHHA.
J The National Fir Prevention Association (NFPA) rates the flammat



(MCLGs); the number of organ systems affected by the compound; and the nature of those effects.
Occupational PELs (Permissible Exposure Limits) are also included. PELs largely serve as a check for
compounds with little general population-based data, but with potential impacts on the more heavily
exposed worker population.

3.2.3 Ecotoxicological Potential (Appendix A: Items 9a and 9b) -

The assessment methodology includes an item to address ecotoxicological potential. The
ecotoxicological potential reflects how a compound will affect other living organisms in the
environment, either directly (such as through toxicity) or indirectly through habitat alteration, such as the
eutrophication of a lake resulting from excessive phosphorus input. In this assessment, ecotoxicological
potential is primarily evaluated in terms of chronic toxicity to aquatic organisms. Toxicity is based on
the US EPA's Ambient Water Quality Chronic Criteria for fresh or marine aquatic life (AWQC) or Suter
Tier 11 standards (Tier II Freshwater Chronic Values, reported by Suter (1996); developed using US
EPA’s “Water Quality Guidance for the Great Lakes System: Proposed Rules™), and chronic toxicity to
avian and mammalian wildlife, based on the lowest No Observed Adverse Effect Levels (NOAELS).

3.2.4 Flammability (Appendix A: Item 10)

Flammability is primarily a concern for spent battery collection, transportation, and dismantling,
and as such, is mostly of importance to those working in these areas rather than to the general population,
although certain events, such as a fire at the recycling plant, could have a substantial population impact.
There are several ways to assess battery flammability. The US Department of Transportation (DOT)
Hazardous Material Regulations include flammability components and the battery’s Material Safety Data
Sheet (MSDS) may include some flammability information. In addition, there are specific flammability
and reactivity ratings developed by the National Fire Prevention Association (NFPA), which may or may
not be specifically included on the MSDSs. The subsections below discuss these options for evaluating
flammability.

3.2.4.1. DOT Hazardous Material Regulations

The DOT Hazardous Material Regulations govern the packaging, labeling, and acceptability of
materials for transportation. These regulations indicate the degree of hazard posed by a battery during
transportation for recycling, based on the hazard properties of the entire battery. Table 29 presents the
DOT regulation labeling requirements for the batteries under consideration in this study. As can be seen
in the table, these labels are difficult to rank, being largely descriptive in nature. For instance, is a
“hazardous material” worse than a “corrosive material”? Similarly, the numeral assigned to the hazard
class has no intrinsic rank meaning.

Table 29. DOT Regulation Labeling Requirements

Battery Type DOT Regulations!
Hazard Class | Labels Required
Sealed bipolar PbA, PbA, NiCd, Zn-Air, 8 Corrosive material
NiMH ABj, NiMH ABs
NaS, Na-NiClp 43 Dangerous when wet
LiFeS, LiFeS>, Li-Polymer, Li-lon* 9 Miscellaneous
hazardous material

1Source: 49 CFR §§ 172, 173.
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Table 28. Health/Hazard Attributes Included in the Protocol

Health/Hazard Attribute Points
Carcinogenic Potential 10
Cancer Potency (inhalation) 10
Cancer Potential (ingestion) 10
Noncancer Impacts (inhalation) 10
Noncancer Impacts (ingestion) 10
Number of Known Organ Systems Affected 5
Chronic/Acute/Reproductive or Developmental 5
Toxicity

Occupational Exposure Limits

Ecotoxicological Potential 10
Flammability/Reactivity

Maximum Possible Points 80

3.2.1 Carcinogenic Impact (Appendix A: Evaluation Items 1-3)

Assessing and ranking the carcinogenic potency for each substance associated with the recycling
and disposal of each battery type is based on the carcinogenic potential classifications developed by
IARC and/or the US EPA, cancer potency estimates for inhalation obtained from OEHHA, and a
qualitative assessment of cancer risk from ingestion as obtained from the scientific literature. The IARC
and/or the US EPA recognize arsenic, chromijum (VI), nickel, and certain nickel compounds as known
human carcinogens. Other compounds such as antimony, cadmium, cobalt, and lead are classified as
possible or probable carcinogens by IARC and the US EPA. OEHHA has developed potency slope
factors for some possible and probable human carcinogens, as well as for the "known" human
carcinogens.

The IARC also recognizes sulfuric acid as a known human carcinogen, but only under certain
conditions that would not be encountered by the general population. IARC bases this classification on
workplace studies that associate strong sulfuric acid mist with upper respiratory cancer. The only time
workers in lead-acid battery recycling facilities would be exposed to sulfuric acid is during the battery
breaking and wastewater neutralization processes. Arcadis Geraghty & Miller Environmental scientists
have visited the GNB lead-acid recycling facility in Los Angeles and have observed the battery breaking
process, but did not detect any such sulfuric acid mists. However, this does not mean that these mists
never occur. Neutralized sulfuric acid in wastewater is not expected to create the exposure conditions
that have been associated with excess cancer in workers, as a result of exposure to strong acid mists. For
the purposes of this study, which explores the impact on the population as a whole, sulfuric acid is
presented as having no carcinogenic effect.

3.2.2 Toxicity (Noncancer) (Appendix A: Items 4-8)
Toxicity is evaluated in terms of chronic, acute, reproductive, and developmental non-cancer

toxicity. Chronic and acute toxicity are based on the OEHHA chronic and acute non-cancer toxicity
RELs, where available; Maximum Contaminant Levels (MCLs) or Maximum Contaminant Level Goals
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different from the federal regulations. It is difficult to classify any of the battery materials as corrosive
(with the possible exception of electrolytes) since there is no way of knowing what the concentrations of
each material might be at the time of exposure (in order to determine pH level). Such an attempt would
require highly inaccurate speculation on the dilution rates in each media and how long exposure occurred
after the material entered the media. Therefore, corrosivity was not further addressed in the analysis.

3.2.6 Reactivity (Appendix A: Item 10)

A reactive waste is defined (40 CFR 261.23) as a waste that exhibits one or more of the
following qualities: (1) it is normally unstable at ambient conditions, undergoing violent changes; (2) it
reacts violently in water; (3) it creates a potentially explosive solution with water; (4) it generates toxic
fumes when mixed with water; (5) it contains cyanide or sulfide and, when exposed to mixtures with a
pH between 2 and 12.5, generates toxic fumes; (6) it is capable of exploding if exposed to a heat source;
(7) it is capable of exploding at ambient conditions; or (8) it is an illegal explosive. Some battery metals,
such as lithium, sodium, and sulfur, and some electrolytes can easily fall into these categories. In
addition to its flammability ratings, NFPA also maintains reactivity ratings defined as follows: (4)
materials that, in themselves, are capable of explosion or reaction at ambient temperatures and pressures;
(3) materials that, in themselves, are capable of explosive reaction in the presence of a strong initiator, or
react explosively with water, or must be heated in confinement; (2) materials that, in themselves are
unstable, undergo violent chemical change, react violently with water, or form potentially explosive
solutions with water; (1) materials that are normally stable but can become unstable at elevated
temperatures or release some energy when reacted with water; and (0) materials that are stable and do
not react with water.

Reactivity is included in the protocol, but since this information may be of interest separately,
the results of the reactivity analysis are presented in Section 4.2.

3.2.7 Leachability (not included in the protocol)

Health and environmental impacts of leachability are subsumed within the ranking protocol. The
principal constituents of concern for leachability of battery wastes are inorganic metals. A US EPA test
procedure known as the toxicity characteristic leaching procedure (TCLP) is used to determine the
leachability of materials (e.g., metals) from a waste; wastes that leach toxic metals or organic compounds
at or above specified concentrations are considered hazardous by the US EPA. California uses different
tests than the US EPA to determine the total and soluble concentrations of toxic and bioaccumulative
substances in hazardous wastes. The regulated limits are listed as total threshold limit and soluble
threshold limit concentrations [29]. These tests are used as an indication of the amount of toxic metals
that could leach out under conditions similar to those found in a landfill. Leachability poses a threat to the
water supply as well as to the food chain. Metals that have leached from a landfill into the groundwater
can enter the food chain through agricultural water use. Once in the food chain, the concentrations of the
metals can increase as they proceed higher up the food chain, a process known as biomagnification. It is
difficult to evaluate leachability impacts for a generic facility, as in the case when determining emssions
for battery recycling where those technologies have not yet been developed. Further, leaching is only of
concern because of health endpoints of the leached material. Thus, the impacts from leaching are already
incorporated into the analysis.
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SECTION 4
RESULTS AND CONCLUSIONS

The scope of this study was to develop a relative comparison of the potential impacts to human
health caused by the recycling of various types of spent electric vehicle batteries. The analysis presented
in this section represents the impacts of one battery type compared to those of another battery type. The
following twelve batteries were evaluated: lead-acid, sealed bipolar lead-acid, NiCd, NiMH (AB> and
ABj5 types), NaS, sodium-nickel chloride (Na-NiCly), lithium-iron sulfide, lithium-ion disulfide, lithium-
polymer, lithium-ion, and zinc-air. As indicated in Section 3, the methodology for this assessment is
based largely on the protocol developed by OEHHA and ARB for prioritizing toxic air contaminants.
The assessment methodology is a semi-quantitative analysis of the relative impact posed by the batteries,
and is included as Appendix A.

4.1 Health/Hazard Score

A health and environmental impact score was developed for each battery constituent, shown in
Table 30. The overall health/hazard score is dominated by the health impact components. Out of 80
possible points, 65 are for human health endpoints. Based on the assessment protocol used, antimony,
arsenic, cadmium, lead, and nickel have the most potential negative impact, with iron, sulfur, tin,
titanium, zirconium, and the electrolyte and casing materials being relatively benign. The score for each
constituent of the battery was then multiplied by the emissions of that constituent to the air (battery
constituent score * g/mi for spent battery pack * % emitted to air) and summed for each battery type and
recycling process, as shown in Section 3.1, Equation 7.

Using this process, a battery constituent with a high score, such as cadmium, will have a large
potential negarive impact if moderate to high amounts are emitted, whereas a battery constituent that is
relatively innocuous, such as sulfur, could also have a large potential impact if its emissions rate is high.
Thus, a battery’s relatively high overall health/hazard score may be a function of the emissions of many
low- to moderate-impact constituents, or it could be a function of a single high-impact constituent
emitted at a lower rate,

4.1.1 Results

The results of this summation process are presented for each battery type and recycling process
in Table 31.  Since the numbers in and of themselves hold no meaning, the table presents the scores in a
log-normalized fashion (log [total score for that battery type and recycling option/lowest total score for
any battery type]), such that a battery type/recycling process combination with a score of 0 would be
anticipated to have the least anticipated health and hazard impact. Where the result is driven by
particular battery constituent (i.e., most of the total impact comes from that constituent(s) with other
battery components playing a much more minor role), that is noted as well. The results are also
graphically presented in Figure 2.
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Table 30. Battery Constituents Scores

Constituent Score Constituent Score Constituent Score

Arsenic 65 Chromium 30 Tin 13

Cadmium 57 Lithium 25 Sulfuric 11

acid

Lead 56 Chlorine 23 Sulfur 9

Antimony 51 Sodium 23 fron 8

Nickel 45 Fluorine 22 Zirconium 7

Cobalt 35 Zinc 21 KOH 5

Manganese 33 Aluminum 20 Titanium 4

Phosphorus 33 Carbon 20 Plastic 3

black
Copper 31 Vanadium 18
Table 31. Health/Hazard Score
Battery Type Total Score Drivers Normalized
Score Log Score*

PbA-Smelting 1.62 x 10-< Lead 2.93
SBLA-Smelting 1.24 x 10-2 Lead 2.81
Na-NiClp 8.00 x 10-3 Aluminum 2.62
NiCd-Pyromet. 9.51 x 10-4 Nickel, Cadmium 1.70
NiMH, AB5_pyromet. 8.17x 10°4 Nickel, Iron 1.63
NiMH, ABy Pyromet. | 7.70 x 104 Nickel, Iron 1.60
PbA-electrow. 578 x 104 Lead 1.48
Zinc-Air 2.81x104 Zinc, Nickel 1.17
Li-Ion 137 x 104 Nickel 0.85
NiMH, AB5_Chem 8.76 x 10-? Nickel, Iron 0.66
NiMH, ABs_Phys/chem | 8.76 x 10> Nickel, Iron 0.66
NiMH, AB;_chem 825x 107> Nickel, Iron 0.63
NiMH, AB3_phys/chem | 8.25x 10-2 Nickel, Iron 0.63
Li-FeS 5.13x10-? - 0.43
Li-Polymer 3.97 x 10-° - 0.32
Li-FeS3 3.33x 10-2 - 0.24
Na-S 1.91 x 10-9 - 0

* A lower score means less anticipated impacts from this battery technology relative to others, using the
recycling methodology specified.

The results show the greatest potential health and environmental impact, given the assumptions made
for this study, for light-duty electric vehicles powered by lead acid batteries that are recycled by smelting
processes. The next greatest potential impact from recycling is for NaNiCly batteries. Na$S and lithium
battery recycling appears to be relatively low impact. The NiMH batteries that are recycled by technologies
under development rather than pyrometallurgical processes also scored relatively well.
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On an overall health/hazard basis, NiMH and advanced lithjum batteries have much less impact
on the general population than conventional lead-acid batteries. Lead-acid batteries will inevitably be in.
conventional cars as well as electric vehicles in the near term (1998-2005); for these batteries, the
electrowinning process clearly presents the least anticipated impact for recycling the spent batteries.

NiMH batteries are a potential mid-term battery (2005-2010) for their increased energy density
and extended range over the lead-acid batteries. Currently, the only process developed for recycling this
battery is a pyrometallurgical process used at the INMETCO recycling facility in Pennsylvania. While
this facility primarily recycles NiCd batteries, they do accept small amounts of NIMH consumer batteries
as well. Cleaner processes for recovering metals in this battery are under development by A.D. Little,
Teledyne Wah Chang Albany, and the U. S. Bureau of Mines. The process being developed by A.D.
Little was used in this analysis for estimating emissions rates from the chemical processes. Compared to
the pyrometallurgical process used by INMETCO, the chemical processes present a lesser impact in most
categories. If these batteries do carry a significant percentage of the EV market in the mid-term, more
research should be done to refine these chemical processes so that they may be developed on a
commercial level.

Lithium-based batteries, such as the lithium-polymer and lithium-ion batteries, appear to be the
most promising advanced battery technologies for the long-term (beyond 2010). Fortunately, these
batteries contain only small amounts of toxic or carcinogenic substances, and are presently recycled (or
anticipated to be recycled) by a clean process. The current versions of lithium-ion batteries contain
relatively high amounts of nickel, but in advanced versions, the nickel will be almost eliminated and
replaced with manganese, thus reducing the health impact of this battery. Estimated emissions rates
from recycling these batteries may be low. The emissions to air shown in Section 2 are based on
estimates from Toxco, the lithium battery recycler in British Columbia, Canada. No actual emissions
data were available to verify those estimates, which often included zero emissions to air. Because Toxco
uses a wet process, the results of this analysis were actually calculated for the final result assuming
emissions rates typical of electrowinning processes, to be more conservative. If this battery is to be a
serious long-term contender, this process, and others that may be under development, should be studied
to further determine the best process from an environmental and economic standpoint.

4.1.2 Factors that Drive the Rankings

For smelted PbA batteries, the relatively high impact score, coupled with high g/mi of spent
batteries to process and a moderate (0.002 percent) emissions rate combine to make a total health/hazard
score dominated by lead. Although lead is also the driver when the spent batteries are processed by
electrowinning, the very low emissions rate for the electrowinning process makes the total score much
lower than when the same batteries are smelted.

The total score for NiCd batteries, which also contain cobalt and lithium, is driven by nickel and
cadmium. Both have high raw scores and contain a moderate amount of material to process. Even the
moderate emissions rate of 0.0006 percent cannot fully compensate for the high raw scores. Impacts
from NiMH batteries are driven by nickel and iron. While iron is relatively benign, it is present in some
of these batteries in a elatively high amount (about 3 g/mi), and for pyrometallurgical processing, may be
emitted at a moderate rate.

The Na-NiCly battery score is driven by the aluminum present in the electrolyte. Aluminum has
a moderate impact, but a relatively high (0.05 percent) is emitted to the air during processing. Lithium-
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polymer batteries have no clear driver, while lithium-ion batteries are driven by the nickel contained in
the batteries. It is emitted at very low rates, but is present in the spent batteries at almost 2.3 g/mi.

Finally, zinc and nickel drive the zinc-air batteries. Zinc emissions rates are assumed to be
moderate, based on secondary smelting operations for zinc in California. This, coupled with a moderate
amount of zinc to process, results in a ranking in the midrange for these batteries if recycled through
smelting processes.

4.2 Flammability/Reactivity Scores

Companies involved in battery transport and recycling need to ensure that flammability,
corrosion, and reactivity are taken into account and minimized in transport, handling, and dismantling
operations. This evaluation is only intended to cover the impacts posed by these batteries during the
recycling and disposal process, and is not intended to cover vehicle operator accidents; however, such
issues are taken into account in the design of the electric vehicle and in the development of emergency
response procedures and training. Flammable and reactive solid wastes, such as lithium and sodium that
are not recovered, will be treated and disposed of as non-flammable, nonreactive salts. Similarly,
reactive wastes that enter the wastewater stream, such as sulfuric acid, must be neutralized before they
can be discharged to public waters. While flammability and reactivity are addressed within the total
health/hazard score, this section addresses them in more detail separately, as they may impact workers in
the battery recycling field.

4.2.1 Flammability

Table 32 shows the weighted flammability for the spent battery pack, including the plastic
casing. This was calculated by multiplying the flammability score of each constituent by its presence in
the spent battery, and summing for each battery. The lithium batteries tend to have the highest
flammability ratings (because of the flammability of lithium), while the nickel and zinc batteries have a
low flammability potential. The moderate flammability of lead-acid batteries is due to their plastic
casing. Other batteries also have flammable plastic cases. However, PbA batteries have a relatively
short useful life, so more spent batteries are generated by vehicles powered by PbA batteries than by
those utilizing other power sources. Therefore, more total plastic is generated per mile traveled. Table
33 shows how removing the impact of plastic from the analysis results in PbA batteries joining the
“safest” list.
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Table 32. Weighted Flammability Potential, Including Plastic

Battery Flammability | Battery Flammability |
Type Potential Type Potential
LiFeS 6.3 NaNiClp 23
Li-Polymer 4.6 NiCd 2.1
LiFeSo 4.5 Na$S 2.1

Li-ion 34 NiMH ABj 1.2

PbA 34 NiMH ABjs 1.2

SBLA 2.7 Zn-Air 1.0

Table 33. Weighted Flammability Potential, Excluding Plastic

Battery Type Flammability Potential
LiFeS 28
NaNiCl,, 23

LiFeSs

NaS 2.1
Li-Polymer 2.0

Li-ion 04

All others 0.0

4.2.2 Reactivity

Table 34 shows the results of the reactivity ranking. The large amount of reactive electrolyte in
spent flooded PbA batteries dominates the result. Sulfuric acid electrolyte is much more reactive than
potassium hydroxide electrolyte. In addition, as previously mentioned, more spent batteries are
generated using PbA technology than with other types. The nickel and zinc batteries are still ranked as
relatively stable. Table 35 shows the extent of the electrolyte domination. Excluding electrolytes from
the analysis results in lithium and sodium batteries having the highest reactivity potential.
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Table 34. Weighted Reactivity Potential

Battery Type | Reactivity Battery Type | Reactivity
Potential Potential
PbA 10.7 LiFeSg 23
SBLA 6.3 NiCd 1.9
Li-Polymer 4.0 Li-ion 1.7
LiFeS 33 Zn-Air 1.0
Na$8 3.0 NiMH AB»> 0.7
NaNiCly 2.5 NiMH AB5 0.7

Table 35. Weighted Reactivity Potential, Excluding Electrolyte

Battery Type Reactivity Potential
Li-Polymer 20
NaNiCly 1.8
LiFeS, Li-ion 1.3
LiFeSo 1.1
Na$S 0.9
PbA 0.5
SBLA 0.1
All others 0.0

4.3 Uncertainty

It is important to note that there is a great deal of uncertainty surrounding this analysis. While
the battery constituents are reasonably well known, although they vary from maker to maker and change
somewhat as battery development progresses, recycling technologies for many of these batteries are in
their infancy. While smelting technology for recycling lead-acid batteries is well developed, recycling
by electrowinning processes is still under research development. For many other battery types, the
assessment was performed using bench-scale or pifot plant technology. In some cases, actual emissions
have been measured, while in other cases engineering judgement had to be utilized to adapt emission
factors from other presumably similar processes. In addition, there can be substantial uncertainty
surrounding the health impact values (cancer potency factors, MCLs, etc.). These numbers are based on
controlled animal or human epidemiological studies that attempt to estimate human health impacts from
environmental exposures. Among the uncertainties are extrapolating effects from animals to humans and
drawing from experiments that use high doses of toxicants to predict impacts from low level
environmental exposures. Because of the uncertainties built into the health/hazard scores, any
interpretations made from this analysis should be viewed with caution.

43



4.4 Conclusions

Based on this health and hazard assessment effort, lead-acid batteries processed by smelting
operations seem to have a larger potential negative health impact than the same batteries processed by
other means or than other battery types. The NaNiCly batteries also rank relatively more toxic. On an
overall basis, the more advanced batteries such as NiMH, lithium-polymer, and lithium-ion represent a
great improvement over conventional lead-acid battery technology, both in terms of battery performance
and impacts from recycling the spent batteries. Results are graphically presented in Figure 2.

Normalized Results
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Figure 2. Normalized Results for Each Battery Type and Recycling Option
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ARB

Cann

Cmax
CAPCOA

CARB

CFR
co
Cr(III)
Cr(VI)
DOD
EPA
EPRI

Na-NiCl>
NaS
NFPA
NiCd
NiMH
NOx
NREL

LIST OF ACRONYMS

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

Annual average ambient concentration (ug/m3)

Maximum one-hour ambient concentration (pg/m3)
California Air Pollution Control Officers Association
California Air Resources Board. Division of the California Environmental Protection
Agency which governs air quality regulations in California.
Cod of Federal Regulations

Carbon Monoxide

Trivalent chromium, non-toxic, non-carcinogenic
hexavalent chromium, toxic, carcinogenic

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

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

Electric Vehicle

NFPA flammability rating

NFPA reactivity rating

Factor Information Retrieval System

Hydrochloric acid leaching solution

Heavy Duty Vehicle

International Association for Research on Cancer

Internal Combustion Vehicle

Integrated Exposure Uptake Biokinetic Model

Integrated Risk Information System

Potassium hydroxide electrolyte

Light Duty Vehicle

Lithium-iron sulfide battery

Lithium-iron disulfide battery

Lithium-ion battery

Lithium-polymer battery

Mass of pollutant emitted to air (g/mile)

Mass of pollutant disposed of on land (g/mile)

Mass of pollutant discharged to water (g/mile)

Maximum Contaminant Level

Maximum Contaminant Level Goal

Medium Duty Vehicle

Metal Replacement Cartridges

Material Safety Data Sheet

Sodium-nickel chloride battery

Sodium-sulfur battery

National Fire Protection Association

Nickel-cadmium battery

Nickel-metal hydride battery

Oxides of nitrogen

National Renewable Energy Laboratory
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OEHHA Office of Environmental Health Hazard Assessment, A division of the California
Environmental Protection Agency

Pb-Acid Lead-acid battery

PE Polyethylene

PP Polypropylene

PS Potency slope factor for cancer (mg/kg-day)-1
RAT Relative acute toxicity risk

R¢ Relative cancer risk

ReT Relative chronic toxicity risk

RF Relative flammability risk

RL, Relative leachability

RRr Relative reactivity risk

REL; Reference Exposure Level, inhalation basis (ng/m3)
REL, Reference Exposure Level, oral basis (pg/m3)
RHRAT Relative Hazard Rating, acute toxicity

RHRC Relative Hazard Rating, cancer

RHRCT Relative Hazard Rating, chronic toxicity
RHRF Relative Hazard Rating, flammability

RHRy, Relative Hazard Rating, leachability

RHRR Relative Hazard Rating, reactivity

SF Qualitative flammability score for each battery
Sr Qualitative reactivity score for each battery
SOx Oxides of sulfur

STLC Soluble Threshold Limit Concentration

TAC Toxic Air Contaminant

TCLP Toxicity Characteristic Leaching Procedure
TTLC Total Threshold Limit Concentration

UR Unit Risk Factor for cancer (pg/m3)-1
USABC United States Advanced Battery Consortium
UT; Inhalation uptake

UT, Oral uptake

UTT Total uptake

VMT Vehicle Miles Traveled

ZEV Zero Emission Vehicle

Zn-air Zinc-air battery
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Appendix A

BATTERY RECYCLING HEALTH & HAZARD IMPACT ASSESSMENT
(Maximum Score Achievable = 80 points)

This assessment format was developed specifically to enable the relative ratings of the impacts of
recycling a variety of battery types that could be utilized in electric vehicles. The actual point values

obtained should not be used for any purpose other than a ranking of this nature.

1. Carcinogenic Potential* (Max = 10 pts)

IARC Group 1 or EPA Group A 10
IARC Group 2A or EPA Group Bl 8
IARC Group 2B or EPA Group B2 6
EPA Group C 4
IARC Group 3 or EPA Group D 2
IARC Group 4 or No known or anticipated cancer effects 0
2. Cancer Potency (m3/ug) (inhalation) (Max = 10 pts)

> 10-2 10
> 103 but < 10-2 8
> 10-4 but < 10-3 6
> 10-5 but<10-4 4
< 1073 2
likely carcinogen but no unit risk determined 2
no indication of carcinogenicity 0
3. Cancer Potential (ingestion) (Max = 10 pts)

yes 10
maybe 5
no 0
4. Noncancer Impacts (inhalation) (RELs, ug/m3) (Max = 10 pts)

< 0.5 or no identified threshold, but would likely be below 0.5 10
>05but<1.0 8
>1.0but< 10 6
> 10 but < 50 4
> 50 but < 100 2
possible nonquantified impacts 2
>100, or no REL because no likely impacts of significance 0

* Appendix Al includes a definition of these categories
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S. Noncancer Impacts (ingestion) (MCL, or MCLG; ug/l) (Max = 10 pts)

<10-3

10-3 to 10-2

10-2 to 10-1

nonquantified

>10-1 or none likely or US EPA declared none was needed

6. Number of Known Organ Systems Affected (noncancer) (Max = 5 pts)

4 or more

3

2

1

unknown

No effect on an organ system considered significant

7. Chronic/Acute/Reproductive or Developmental Toxicity (noncancer) (Max = 5 pts)

Substance has all 3 of the listed effects
Substance has 2 of the 3 listed effects
Substance has 1 of the 3 listed effects
Unknown effects

No noncancer effects considered significant

8. Occupational Exposure Limits (PELs, ug/m3) (Max = 5 pts)

<10-2

>10-2 but less than 0.1

>10-1 but less than 1.0

>1.0 or not established

no established exposure limits because OSHA declared none was needed

9. Ecotoxicological Potential (Max = 10 pts, sum of A and B)

A. Chronic toxicity to aquatic organisms (USEPA AWQC or Suter Tier II, ug/l)
<10
>10 but less than 102
>102 but less than 103
No criteria; potential impacts, but insufficient data
> 103
No criteria; potential impacts unlikely
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B. Chronic toxicity to avian and mammalian wildlife (lowest NOAEL, mg/kg/d)
<10
>10 but less than 102
>102 but less than 103
No criteria; potential impacts, but insufficient data
>103
No criteria; potential impacts unlikely

10. Flammability/Reactivity (National Fire Prevention Association Rankings)

NFPAF|ammability * NFPAReactivity > 4
NFPAF|ammability * NFPAReactivity = 4
NFPAF|ammability * NFPAReactivity = 3
NFPAE|ammability * NFPAReactivity = 2
NFPAFlammability ¥ NFPAReactivity = !
NFPAFlammability * NFPAReactivity = 0
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The Assessment Protocol

Data were gathered from a variety of sources to enable completion of the assessment protocol. The data and
their sources are shown in Section 3, Table 28.

A raw impact score was generated for each battery constituent (e.g., cadmium), by applying the relevant data
(carcinogenicity, toxicity, flammability, etc. from Table 28) to the ranking protocol. For instance, cadmium has
an IARC classification of 1 for carcinogenic potential (Appendix A1). This corresponds to 10 points for Item 1.
Another 8 points was generated based on its cancer potency of 4.2 x 10-3 (Item 2). It has no potential to be an
oral carcinogen (0 points). The established REL of 3.5 generates another 6 points, and so on, until a total of 57
points (see Table 30) out of the possible 80 was generated.

This score was multiplied by the amount of cadmium present in the spent batteries (g/mile traveled) and by the
emission rate of cadmium when the battery was recycled using the specified technology. For instance, cadmium
is present in Sealed Bipolar Lead Acid (SBLA) batteries. There is about 0.04 g/mile generated that must be
recycled when the battery is spent (See Table 4; The spent material to process is based on light-duty vehicle
applications. However, the battery results in approximately 0.00091 percent of this cadmium being released to
the air (See Tables 6-22). The contribution of cadmium to the ranking of this battery using the smelting process
is:

57 * 0.04 * 0.00091% =2.07 x 10-5
This contribution is added to that of lead, copper, antimony, tin, sulfuric acid, and the plastic casing material
used in this battery to generate a total impact of 1.24 x 10-2. (There are no units to be concerned with, as the

total scores were normalized. Nominally, the units would be g/mile spent battery material emitted to air.)

Data and results of the calculations are given in Appendix A2.
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IARC

Appendix Al
IARC and EPA Cancer Group Classifications

EPA

Group 1

Group 2A

Group 2B

Group 3

Group 4

Human carcinogen

Probable human carcinogen

Possible human carcinogen

Not classifiable

Probably not carcinogenic
to humans
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Group A

Group Bl

Group B2

Group C

Group D

Group E

Human carcinogen
(sufficient epidemiological
evidence)

Probable human carcinogen
(sufficient animal and limited
human evidence)

Probable human carcinogen
(sufficient animal and no
human evidence)

Possible human carcinogen
(limited animal and no
human evidence)

Non classifiable
(insufficient evidence, or no
data available, in animals and
humans)

Evidence of non-
carcinogenicity in humans
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INFORMATION SOURCES

The main references used to compile the information in this report are listed below, pre-
“ceded by the abbreviations used to identify them, in the text of this report, as the specific
sources of information. Information on immunotoxicty was gathered largely from Bendix
Environmental Research, Inc.’s proprietary database. References for immunotoxicity and
some other information appear as endnotes to this report.

1991 ACGIH: American Conference of Governmental Hygienists, Inc. (1991) Documen-
tation of the Threshold Limit Values and Biological Exposure Indices, 6th Edition, American
Conference of Governmental Hygienists, Inc., Cincinnati, OH.

1883-1994 ACGIH: American Conference of Governmental Hygienists, Inc. (1993) 7993-
1894 Threshold Limit Values for Chemical Substances and Physical Agents and Biological
Exposure Indices, American Conference of Governmental Hygienists, Inc., Cincinnati, OH.

CAPCOA: California Air Pollution Control Officers Association (1993) Air Toxics "Hot Spots"
Program, Revised 1992 Risk Assessment Guidelines.

EPA: United States Environmental Protection Agency (1987) Health Assessment Document
for Beryllium, EPAJ600/8-84/026F, Office of Health and Environmental Assessment, Washing-
ton, D.C. (This document, the most recent in the series, contains a summary table of pre-
vious carcinogenicity assessments for other chemicals.)

EPA2: United States Environmental Protection Agency (1994) Heaith‘Assessment Docu-
ment for 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and Related Compounds, Office of
Health and Environmental Assessment, Washington, D.C.,

Gosselin: Gosselin, Robert E., et al. (1984) Clinical Toxicology of Commercial Products,
Sth Edition, Williams & Wilkins, Baltimore/London. ’

HEAST: United States Environmental Protection Agency (1994) Health Effects Assessment
Summary Tables (HEAST), FY-1994 Annual, Office of Solid Waste and Emergency Response,
Washington, D.C.

1ARC Supplement 7: International Agency for Research on Cancer (1987) [ARC Mono-
graphs on the Evaluation of Carcinogenic Risks to Humans. Overall Evaluations of Car-
cinogenicity: An Updating of JARC Monographs Volumes 1 to 42, Supplement 7, Inter-
national Agency for Research on Cancer, Lyon, France..

IRIS: United States Environmental Protection Agency (1994) Integrated Risk Information
System (IRIS), On-line search of computer database performed December 1994,



- Jim Collins, OEHHA: Phone conversation between Jim Collins, California EPA, Cffice of
Environmental Health Hazard Assessment (OEHHA), and Joseph Rut, Bendix Environmental
Research, Inc., 12 December 1994,

Lewis: Lewis, Richard J., Sr. (1991) Reproductively Active Chemicals, Van Nostrand .
Reinhold, New York. :

Meeks: Meeks, Robert G., et al. (1991) Hepatotoxicology, CRC Press, Boca Raton, Florida.

NIOSH: United States Department of Health and Human Services, Public Health Service,
Centers for Disease Control, Nationa! Institute for Occupational Safety and Health (1290)

"~ NIOSH Pocket Guide to Chemical Hazards.

OEHHA: California Environmental Protection Agency, Office of Environmental Health Hazard
Assessment (1994) California Environmental Protection Agency Criteria for Carcinogens.

ATECS: United States Department of Health and Human Services, Public Health Service,
Centers for Disease Control, National Institute for Occupational Safety and Health (1894)
Registry of Toxic Effects of Chemical Substances, On-line search of computer database
performed December 1994,

Sax: Lewis, Richard J., Sr., Ed. (1992) Sax’s Dangerous Properties of Industrial Materials,
8th Edition, Van Nostrand Reinhold, New York.

Zimmerman: Zimmerman, Hyman J. (1978) Hepatotoxicity: The Adverse Effects of Drugs
and Other Chemicals on the Liver, Appleton-Century-Crofts, New York.



METHODS

" This report is an assessment of the carcinogenic and non-carcinogenic toxicology of 11
chemicals potentially associated with automotive batteries and automotive battery recycling
technology. The 11 chemicals were chosen by Acurex Environmenta! Corporation and
assigned to Bendix Environmental Research, Inc. for assessment. This assessment is
based on the elemental or primary form of the 11 chemicals and does not include all
compound forms of the chemicals. Information on some compound forms of the chemicals
has been included where it was readily available in the sources searched for information
on the elemental or primary forms, '

For each chemical, specific information regarding carcinogenicity and non-carcinogenic
toxicology has been gathered. The methodology and/or sources for each category of
information follow, in the order in which information appears for each chemical in the text
of this document.

Carcinogenicity

Overall Carcinogenicity Rating: For the purpose of this assessment the IARC rating, ar-

rived at by consensus of an international work group, is given precedence over the EPA

rating if both entities have rated the chemical. If neither IARC nor EPA have rated the

chemical, a rating of 3 (not classifiable) is assigned. To keep ratings numerical, IARC 2B

can be represented as IARC 2.5. In general, IARC ratings correspond to EPA ratings as
follows:

Human carcinogen IARC1 = EPAA

Probable human carcinogen IARC 2A = EPA Bt

Possible/probable human carcinogen 1ARC 2B = EPA B2 or EPA C, depending upon
_ strength of evidence.

Not classifiable (inadequate data) IARC3 =EPAD

Probably not carcinogenic - lARC 4 =EPAE

There is some overlap between IARC rating 2B and EPA ratings B2 and C.
The EPA B2 rating is usually based on sufficient evidence of carcinogenicity in animals with

lack of or inadequate data in humans. EPA designates this level of data as evidence of
“probable” carcinogenicity in humans.

The EPA C rating is based on Jimited evidence of carcinogenicity in animals with lack of or

inadequate data in humans. EPA designates this level of data as evidence of "possible" car-
cinogenicity in humans. '
The IARC 2B rating can include chemicals with either of the levels of data which would
assign them an EPA B2 or C rating, as well as chemicals with limited evidence of carcino-
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genicity in humans with lack of or inadequate evidence of carcinogenicity in animals. IARC
designates all these levels of data as evidence of "possible" carcinogenicity in humans.

" IARC Cancer Rating: Source: IARC Supplement 7, a summary of the /ARC Monographs
on the Evaluation of Carcmogemc Risks to Humans.

JARC Cancer Ratings are as follows:

Group 1 - Human carcinogen (Sufficient evidence of .carcinogenicity in humans.)

Group 2A -  Probable human carcinogen (Limited evidence of carcinogenicity in humans
and sufficient evidence of carcinogenicity in experimental animals. On oc-
casion, IARC may classify an agent in this category solely on the basis of
limited evidence of carcinogenicity in humans or of sufficient evidence of
carcinogenicity in experimental animals in view of supporting evidence from
other relevant data.)

Group 2B - Possible human carcinogen (This category usually includes agents for
which there is limited evidence in humans in the absence of sufficient evi-
dence in experimental animals. It may also be used when there is inade-
quate evidence of carcinogenicity in humans or when human data is non-
existent but there is sufficient evidence of carcinogenicity in experimental
animals. In some instances, agents may be included for which there is
inadequate evidence or no data in humans but limited evidence of carcin-
ogenicity in experimental animals together with supporting evidence from
other relevant data.)

Group 3 - Not classifiable as to human carcinogenicity (Agents are placed in this
group when they do not fall into any other group.)
Group 4 - Probably not a human carcinogen (Evidence suggests lack of carcinogen-

icity in humans together with evidence suggesting lack of carcinogenicity
in experimental animals. In some circumstances, agents for which there is
inadequate evidence of or no data in carcinogenicity in humans but evi-
dence suggesting lack of carcinogenicity in experimental animals, consis-
tently and strongly supported by a broad range of other relevant data, may
be classiﬁed into this group.)

EPA Cancer Weight-of-Evidence Group: The primary source for this information was the
EPA's RIS database, which is the most up-to-date posting of EPA assessments of chemi-
cals. If no posting was found on IRIS, secondary checks were made to EPA's HEAST
document and a 1987 EPA list of chemicals assessed for carcinogenicity.® The basis for
the EPA rating was included when available.

EPA Weight-of-Evidence Groups are as follows:

® Received from Jim Cogliano, Chief, Carcinogen Assessment Statistics and Epidemiclogy Branch, Office
of Health and Environmental Assessment (OHEA) Mr. Cogliano states that the list will soon be updated to include
mere chemicals and that the IRIS database is the most up-to-date source for EPA ratings.

4



Group A - Human carcinogen (sufficient evidence of carcinogenicity in humans).

Group B - Probable human carcinogen (B1 - limited evidence of carcinogenicity in
humans; B2 - sufficient evidence of carcinogenicity in animals with inade-
quate or lack of evidence in humans).

Group C - Possible human carcinogen (limited evidence of’ carcinogenicity in animals
~ an inadequate or lack of data in humans).

Group D - Not classifiable as to human carcinogenicity (inadequate or no evndence)

Group E - Evidence of noncarcinogenicity for humans (no evidence of carcinogenicity

in adequate studies).

Inhalation Cancer Potency Value: Sources: IRIS, CAPCOA, OEHHA and HEAST. Poten-
cy values obtained from HEAST are still preliminary. This value is either a Potency Slope
or Unit Risk® for a material administered via the inhalation route.

Non-Inhalation Cancer Potency Value: Sources: [RIS, CAPCOA, OEHHA and HEAST.
Potency values obtained from HEAST are still preliminary. This value is either a Potency
Slope or Unit Risk for a material administered via the non-inhalation route,

Carcinogenic Potential: Sources: RTECS, IRIS and Sax. Evidence compiled for carcino-
genic potential includes studies showing carcinogenic, neoplastic, or tumorigenic effects.
Equivocal evidence was only entered if unequivocal evidence was not available,

Mut&genic Potential: Sources: RTECS, IRIS and Sax. RTECS and Sax only list studies
positive for mutagenicity. IRIS lists tests both positive and negative for mutagenicity.

NON-CARCINOGENIC TOXICOLOGY

Overall Non-carcinogenic

Toxicology Rating: The overall non-carcinogenic toxicology of the chemicals is rated on
a scale of 110 5. Like the overall carcinogenicity rating, lower numbers represent a greater
hazard. Chemicals posing an acute hazard (e.g. metallic sodium, metallic lithium, and
sulfuric acid all pose direct burn hazards on contact with skin) are rated a 1, as are chem-
icals with chronic effects which occur at very low levels. Chemicals with chronic effects
occurring at higher levels and which are not considered to pose an acute hazard are rated
2 through 5, based on the “critical" effect. The critical effect is the effect which occurs at
the lowest exposure level, as judged by the threshold level in a toxicity study or, when not

b A potency slope is a factor which when multiplied by the dose of a carcinogen gives the associated lifetime
cancer risk. Potency values represent the theoretical prcbab:hty of extra cancer cases occurring in the exposed
popula'aon assuming 70 year lifetime exposure

© A unit risk is the estimated probability of a person contracting as a result of constant exposure to an
ambient concentration (usually 1 pg/m® of a carcinogen over a 70 year lifetime.
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available, by a NOAEL® or LOAEL®. When a threshold level, NOAEL or LOAEL is not avail-
able, a reference exposure level (EPA-IRIS, CAPCOA, OEHHA) or threshold limit value
(ACGIH) is used for this level. When not enough information is available to determine which
effect occurs at the lowest exposure level, the most commonly cited effect is used as the
critical effect. ‘

‘Overall Toxicity Rating Scale: Levels are measured in ug/kg or ug/m?® (single dose
or exposure); or ug/kg/day or ug/m°day (chronic exposure).

1. Chemical has severe acute effects, or critical toxic effect of chemicals oc-
curs at levels < 5 ug.

Critical toxic effect of chemical occurs at levels from & - 50 ug.

Critical toxic effect of chemical occurs at levels from 50 - 500 ug.

Critical toxic effect of chemical occurs at levels from 500 - 5,000 ug.
Critical toxic effect of chemical occurs at levels > 5,000 ug.

aheN

.Lethal Dose: Sources: RTECS and Sax. In general, LDgs for inhalation, oral, or skin

exposure should be given more weight in assessing the practical hazards of chemical
exposure than LD.,s based on intraperitoneal, implant, etc., administration.

Toxic endpoints ‘ '
assoclated with exposure: Sources: IRIS, RTECS, Sax, CAPCOA, OEHHA, HEAST.

Acute noncancer

-reference exposure level: Source: CAPCOA.

Chronic noncancer :

reference exposure level: Sources: IRIS, CAPCOA, HEAST and 1993-1894 ACGIH. For
EPA reference exposure levels obtained from IRIS, the critical effect cn which the level is
based is noted, along with information on the confidence of the study. For reference
exposure levels obtained from other sources, information on critical effect and confidence
level of study is noted as available. ACGIH TLV-TWAs' have been noted, and in some
cases may be the only level analogous to "reference exposure level" available.

d NOAE_L = No observed adverse effect level.

® LOAEL = Lowest observed adverse effect level.

' ACGIH TLV-TWA: American Conference of Govemmental Industrial Hygienists Threshold Limit Value-Time
Weighted Average = The time weighted average airbome concentration of a substance, for a normal 8-hour

workday and a 40-hour workweek, to which it is believed that nearly all workers may be repeatedly exposed day
after day without adverse health effects,



Critical effect upon which

acceptable exposure levels

are based/confidence level .

" of critical study: Sources: IRIS, CAPCOA, HEAST, 1991 ACGIH.

Teratogenicity: Sources: IRIS, RTECS, Sax, Lewis.
Hepatotoxicity: Sources: [RIS, RTECS, Sax, Meeks, Gosselin, Zimmerman.

Immunotoxicity: Sources: Bendix Environmental Research, Inc. Immunotoxicology Data-
base, IRIS, CAPCOA, Sax.

Gosselin Toxicity Rating: Source: Gosselin. Gosselin rates chemical toxicity from 1 (low)
1o 6 (high), based on mortality, not morbidity, making more of a "lethality" rating than a
toxicity rating. This rating is usually based on the acute toxicity of a single dose when taken
by mouth or gavage. ‘

1 - Practically non-toxic. Probable oral lethal dose >15 g/kg.
2 - Slightly toxic. Probable oral lethal dose 5-15 g/kg.

3 - Moderately toxic. Probable oral lethal dose 0.5-5 g/kg.

4 - Very toxic. Probable oral lethal dose 50-500 mg/Kg.

5 - Extremely toxic. Probable oral lethal dose 5-50 mg/kg.

6 - Supertoxic. Probable oral lethal dose <5 mg/kg.

Miscellaneous: Source: Miscellaneous. Other relevant information which does not fit into
the above listed categories.
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Gemimaant

CADMIUM CARCINOGENICITY

Overall Carcinogenicity Rating: 1 (IARC 1, EPA B1); hpman carcinogen.
JARC Cancer Rating: RTECS: IARC Group 1; human carcinogen.

EPA Cancer Weight-of-Evidence Group: IRIS: B1; probabie human carcinogen. Basis

_ for classification: Limited evidence from oc