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In the United States, millions of electric and hybrid vehicles have cumula-
tively been sold. Although the batteries in these vehicles are expected to last
at least 8 years, end-of-life options must still be considered. There are several
possible options for battery packs from electric vehicles when they reach end-
of-life, including remanufacturing, repurposing for a different application, and
recycling. Remanufacturing is the most desirable end-of-life scenario but is the
most stringent in terms of battery quality. Recycling is less desirable because
there are larger material and energy losses that occur in the process.
Repurposing batteries for a different use lies between these two scenarios in
terms of desirability. This review paper focuses on non-automotive reuse and
explores several options for using electric car battery packs in grid energy
storage applications.

Abbreviations
BMS Battery management system
CAES Compressed air energy storage
EIA Energy Information Administration
EOL End-of-life
ICE Internal combustion engine
PEV Plug-in electric vehicle
SMES Superconductive magnetic energy storage
SOC State of charge
TEES Thermoelectric energy storage
TOU Time-of-use

NATURE OF THE PROBLEM AND
END-OF-LIFE OPTIONS

In recent years, public interest in alternatives to
the traditional internal combustion engine (ICE)
has grown. Simultaneously, technological advance-
ments in electric vehicle batteries have increased
the range of both plug-in hybrid electric vehicles
and pure electric vehicles, both of which are
commonly referred to as PEVs. As a result, trips
of longer distances are feasible, and these vehicles
have become more attractive to customers. Accord-
ingly, the PEV market has been growing for the
past several years. For instance, in 2011, total
PEV sales in the U.S. were less than 20,000
vehicles. For comparison, in 2016, over 150,000

PEVs were sold. Furthermore, within this time,
2015 was the only year in which PEV sales
dropped slightly.1

It is uncertain how long PEV batteries will
remain healthy enough for automotive use; how-
ever, the batteries of both the 2016 Nissan Leaf and
2016 Chevrolet Volt are warrantied for 8 years or
100,000 miles. Since significant PEV sales began in
2011, it is expected that many of these batteries
may incur problems beginning in approximately
2019, meaning that, in the next couple of years, an
end-of-life (EOL) management strategy is necessary
for PEV batteries.

Consideration of end-of-life options should be a
priority. This is because lithium-ion battery packs
use large volumes of relatively costly materials;
some of these materials also having significant
environmental impacts. Several life cycle assess-
ment studies of PEV batteries have shown that
some environmental impact categories, such as
global warming potential and cumulative energy
demand, are lower than those of traditional ICEs.2

Then again, other categories of environmental
impacts have been found to be higher for PEVs
such as human toxicity potential.3 Furthermore, the
cradle-to-grave impacts of PEV batteries are
unclear because the results of these assessments
depend on many assumptions and vary widely when
comparing different battery chemistries, different
EOL recycling processes, different functional unit
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sizes, and different sources of electricity. As an
example of this uncertainty, Olofsson et al. com-
pared the various environmental impacts of several
PEV battery cathode chemistries including lithium
iron phosphate, nickel manganese cobalt, lithium
manganese phosphate, and lithium iron silicate, all
of which have differing impacts depending on the
environmental impact category.4 Since the specific
battery chemistry differs based on the PEV brand,
and because battery chemistry is often proprietary,
it is difficult to achieve certainty in term of life-cycle
impact. Nevertheless, developing and the imple-
mentation of a large-scale EOL strategy for PEV
batteries will be important if the disposal of millions
of tons of battery waste is to be avoided.

Three EOL options for battery packs from PEVs
which can help mitigate some of the environmental
impacts and enable material reuse rather than
disposal are remanufacturing, recycling, and repur-
posing. Figure 1 conceptualizes the relative ability
for used PEV battery packs to be remanufactured,
repurposed, and recycled according to their health.
The triangle in the figure shows that, at EOL, a
relatively small number of battery packs are at a
high enough state of health to be remanufactured.
Repurposing a battery does not require as healthy a
battery, and therefore more battery packs will be
capable of being repurposed than remanufactured.
Finally, the figure conceptually represents that the
majority of battery packs will be capable of being
recycled at EOL; therefore, the base of the triangle
is wide.

Remanufacturing

Remanufacturing is the preferred scenario when a
PEV battery pack is sufficiently healthy, such that it
can be reused in the same automotive application.
However, well-used battery packs cannot always be
reused for a ‘second life’ in the same automotive
application. Battery packs are typically replaced
when they can no longer provide sufficient power or
energy. According to the US Advanced Battery
Consortium (USABC) standard, electric vehicles
are unfit for PEV use when the delivered capacity
or power of a cell, module, or battery is less than 80%
of its rated value.5 Tesla Motors has even greater
expectations and expects users to be able to continue
using batteries even until they reach 50% capacity.

Recycling

Recycling is another option, which can accept
battery packs of all levels of health. This is the
current EOL strategy for lead–acid batteries from
traditional combustion vehicles; recycling is a very
successful strategy because it is incentivized, prof-
itable, and mandated by government regulations.6

In fact, the recycling rate in the U.S. for lead–acid
batteries was 96.2% in 2011 and 99.0% in 2013.7,8

PEV battery recycling, on the other hand, is more
complex and faces more challenges.

One challenge is that lithium-ion-based battery
packs are inherently more complex, and use a
greater number of materials that are difficult to
separate in the recycling process than lead–acid
batteries.9 However, several methods for recycling
lithium-ion batteries have been developed and some
are in commercial operation; these methods usually
involve hydrometallurgic, pyrometallurgicl, or
intermediate recycling methods.10–15 Pyrometallur-
gic recycling involves lithium-ion battery modules
being smelted in a high-temperature furnace. Here,
battery metals like cobalt, nickel, copper, and iron
are reduced to form an alloy; these metals can then
be recovered from the alloy by leaching. In addition,
an oxidized slag fraction is produced that contains
ignoble metals such as lithium, manganese, alu-
minum, etc., while any organic materials are
burned off.16 In hydrometallurgic recycling, the
battery’s flammable electrolyte must be safely
removed, allowing the batteries to be shredded
and separated by material. From there, lithium
can be separated and converted to lithium carbon-
ate. In addition, any cobalt can be recovered to
produce lithium cobalt oxide.

Both pyrometallurgic and hyrometallurgic recy-
cling have advantages and disadvantages. For
instance, pyrometallurgic recycling has the advan-
tage of high purity of recovered materials and low
water usage. However, this method suffers from
high energy use due to high-temperature process-
ing. In contrast, hydrometallurgic processes use less
energy and have high yields because they operate at
a lower temperature. The disadvantage is that this
method requires high water use and does not yield
as high purity materials. Regardless of these trade-
offs, recycling by either method saves energy com-
pared to primary materials extraction for battery
manufacturing.

A second challenge with recycling lithium-ion
PEV batteries is the cost. The processing costs for
the aforementioned recycling methods are typically
high.17 Thus, it is technically feasible to recover
high-value materials; however, whether it is

Fig. 1. Conceptual availability of battery packs to be remanufac-
tured, repurposed, and recycled based on end-of-life health.
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economically viable is dependent on factors like the
current metal price and the cost of energy to
perform the recycling process steps.

One final consideration for PEV battery recycling
is that, when compared to repurposing or remanu-
facturing, recycling enables the recovery and reuse
of the least amount of materials. This is because the
higher-value metals are recovered, but lower-value
materials like lithium and plastics are waste within
these processes. Lithium, for instance, is present in
the metallurgic slag from recycling processes, which
is not able to be reused in batteries; instead, slags
are commonly being used as supplementary mate-
rials in the concrete industry. Similarly, plastic
contents from batteries are often burned for their
energy content and therefore cannot be reused.

Repurposing

Repurposing is the other end of life strategy that
bridges the gap between remanufacturing and
recycling: it enables batteries to be used in a more
extended lifetime after automotive use is no longer
possible, and allows more value to be extracted.
Since batteries may no longer be fit for automotive
use after they have lost 20% of their capacity,
second use in a less taxing stationary energy
storage application is an attractive option. There-
fore, the options for repurposing PEV batteries are
the focus of this review paper as a way to extend the
use of these battery packs. There are several
business cases for the use of repurposed batteries
in stationary applications; these are further dis-
cussed below.

CRITICAL QUESTIONS REGARDING
SECOND-USE

Although repurposing would extend the life and
value of PEV batteries, some critical questions have
been posed regarding the ability of PEV batteries to
be repurposed for a stationary energy storage use.

Economic Feasibility

One important question is whether it is possible
to economically move PEV batteries from automo-
tive use and transition them into an energy storage
use. For instance, in order for repurposed batteries
to have a plausible business model, it must be
economically feasible to purchase and refurbish
batteries for less than it would cost to purchase a
brand new battery. This question is addressed in
depth by an economic model built at the National
Renewable Energy Laboratory (NREL).18 The mod-
eling quantified the costs to repurpose PEV battery
packs for stationary energy storage, including bat-
tery module collection, electrical testing equipment,
technician labor, capital costs of the facility, etc.
This cost is sensitive to many factors, including
vehicle usage, facility size, module size, cell fault
rates, technician handling time, and testing time,

among other factors. However, when vehicle diag-
nostics data are available to support used battery
purchases, repurposing costs can be as low as
US$20/kWh.

The modeling effort has shown that battery
repurposing costs are expected to be lower than
future battery selling prices, indicating a plausible
business model. Another study conducted at the
University of California, Davis, estimated repurpos-
ing costs as well as total costs to implement energy
storage systems from repurposed PEV batteries.19

This study estimated repurposing costs for several
different sizes and models of PEVs. For example,
the cost to repurpose a Chevy Volt pack and a
Nissan Leaf pack were found to be $1,150 and
$1,780, respectively, which is significantly lower
than the price of virgin batteries.

Other studies have found less positive conclusions
for the economics of repurposing. A report by Lux
Research demonstrateds that only certain utility
uses would likely be economically viable, and that it
is likely that reduced performance of used PEV
batteries will limit them to applications with low
economic viability. One further concern is that
second-life batteries will provide very limited cost
savings as prices for new batteries continue to
decrease.20

Battery Health

Another topic of investigation has been how long a
battery pack will be able to last in a stationary
application. If automotive batteries are to be used in
a ‘second life,’ they must be able to provide sufficient
energy and power for a given application over the
lifetime of the battery. This is an area of significant
research because there are so many variables that
can affect the health and degradation of a battery
pack. The charging or discharging rate (C-rate),
temperature, and state of charge (SOC) can all
influence the health of a battery pack. These factors
are discussed below.

First, high charge and discharge rates contribute
to the loss of capacity and higher internal resistance
of batteries. This is because high currents cause
chemical modifications to the electrode layers in the
battery, which can be permanent.21,22 Secondly,
temperature also plays a huge role in battery aging.
According to the US Department of Energy Freedom
CAR and Vehicle Technologies Program, automotive
lithium batteries should be operated between �30�C
and 52�C.23 However, less damage occurs when cells
operate towards the middle of this range. High
temperatures are particularly damaging because
the reactions of the electrode materials, which lead
to decreased levels of cyclable lithium, occur at
faster rates.24 Thus, at high temperatures, almost
all aging mechanisms are accelerated leading to
capacity loss and increased resistance.25 Thirdly,
the SOC at which the battery is operated can have a
significant affect on battery degradation. Using
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lithium-ion batteries at high SOC damages the
electrodes and electrolyte, causing the growth of a
solid electrolyte interphase layer as well as a
reduction in cyclable lithium.26 Because these fac-
tors can greatly impact the rate of degradation of
lithium-ion batteries, tight control by the battery
management system (BMS) is necessary to prevent
as much cell degradation as possible.

In order to determine how long batteries can last,
several modeling theories have emerged. Some
aging models aim to explain capacity loss and
resistance growth as a mathematical function of
time, temperature, SOC, C-rate, etc. Typically,
calendar aging and cycle aging are both distin-
guished as contributors to the total aging of a
battery. Calendar aging is aging based solely on
time; cyclic aging is based on the amp-hour through-
put, but is greatly impacted by temperature, SOC,
and C-rate as mentioned above. Since cycle life
degradation is affected by a multitude of factors,
cycle life modeling is very difficult compared to
calendar aging modeling.27

Much research has also focused on how to extend
battery life. As mentioned above, tight control over
important factors such as temperature, SOC, and C-
rate can greatly extend battery life. Each PEV
battery pack is equipped with a battery manage-
ment system (BMS), which allows these elements to
be monitored and controlled. A BMS performs many
functions, such as controlling temperature, charg-
ing and discharging, measuring cell voltages, per-
forming cell balancing, and ensuring all
measurements are in a safe range. Most impor-
tantly, a BMS enables data acquisition and estima-
tion of the battery’s state of charge and state of
health.28

Since PEV batteries at the end of their automo-
tive lives will be in varying states of health, the best
way to ensure that the battery pack can last in a
second life will be to perform state of health testing
and to connect an appropriately configured BMS for
the application. State of health testing ensures the
battery pack has significant capacity and power
remaining, and a reconfigured BMS ensures that
the batteries are not taxed too hard in the new
stationary application. At this point, it is not
possible to predict with great accuracy when a
battery would fail in a second life. However, it is
possible to test a battery’s state of health before use
in a second-life application and to monitor its state
of health as it is used.

Risks and Liability

Finally, a topic that has been examined concerns
the regulatory problems, risks, and liability inher-
ent in using battery packs in applications different
from the original use case. Although these barriers
are not technical, they represent major challenges
to using PEV batteries in second-life applications.29

Utility and electric grid regulations are very

complex; in addition, stationary energy storage on
the grid is a relatively new concept. Only recently
have federal regulations passed the aim to incen-
tivize the deployment of grid energy storage instal-
lations. For instance, until the Federal Energy
Regulatory Commission (FERC) passed FERC
Order 784 in 2013, the ancillary services market
within electricity markets was not open to storage
projects. Until then, energy storage was not consid-
ered a generating resource and thus there were no
financial incentives for energy storage installa-
tions.30 Similarly, FERC Order 792 added energy
storage as a power source eligible to connect to the
grid.31 Although these orders represent significant
improvements, regulatory barriers still remain that
inhibit potential financial incentives of energy stor-
age. For example, energy storage is perhaps the best
resource for integrating larger quantities of renew-
able energy on the grid because of its ability for fast
ramping. But without further changes in the struc-
ture of the electricity markets, the benefit of energy
storage is not accurately reflected. Thus, the busi-
ness model for energy storage is not yet mature and
will depend on continued policy development.

There are also concerns about the risks and
liability inherent in using lithium-ion automotive
batteries in a non-original use. Lithium-ion automo-
tive batteries represent hazards in terms of both
high voltage and toxicity. Generally, liability for
automotive battery defects and damage reside with
the vehicle manufacturer because they have ensured
it is safe for automotive use. However, manufactur-
ers of PEVs typically do not anticipate battery use in
an application other than automotive use. Thus, it is
reasonable that battery and car manufacturers
would want to limit and discourage secondary PEV
battery use to alleviate any risk. A collaborative
report from the Center for Law, Energy, and the
Environment at the University of California and the
University of California, Los Angeles School of Law
suggests that a solution to this problem is to improve
and develop liability standards for PEV batteries.32

In addition, industry leaders should develop techni-
cal performance standards for second-life batteries,
and perhaps the insurance market could be of help in
diffusing liability problems with second-life batter-
ies. Work in this arena has subsequently grown, and
reference guides and standards such as the Electric
Vehicle Regulatory Reference Guide by the World
Forum for Harmonization of Vehicle Regulations
have been developed.33

SUMMARY OF SECOND-USE APPLICATIONS

The last major topic to discuss with regards to
PEV battery repurposing is the possible applica-
tions for their reuse and where energy storage
systems should be placed.

As was mentioned, the use of energy storage in
the U.S. is growing. One driver of this is the
increase in renewable energy implementation in
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the U.S., which makes the installation of energy
storage more critical due to the decreased ability to
match electricity generation with electricity
demand.34 For instance, in 2000, wind and solar
generation were less than 10 billion kWh. In 2013,
combined wind and solar were 200 billion kWh; by
2040, the Energy Information Administration (EIA)
projects their combined generation to exceed 400
billion kWh.35,36 For reference, the net generation of
electricity in the US in 2015 was 4 trillion kWh.37

The intermittent nature of renewable resources
like solar and wind suggest that a means of storing
this energy would be very beneficial, so that this
electricity can be used when it is demanded. This
idea is conceptualized in Fig. 2; energy storage can
fill the gaps in generation that occur with high
levels of adoption of renewable energy generators.
Furthermore, as will be discussed in the following
section, the nature of the electric grid is such that
increased use of energy storage at different loca-
tions on the grid is advantageous. Accordingly,
energy storage is becoming increasingly useful at
both small and large scales. In the following section,
the potential options for using PEV batteries as
energy storage on the grid are discussed in more
detail.

There are significant benefits when energy stor-
age is installed on the grid. The electric grid is a
large interconnected system in which electricity is
generated, transmitted, and distributed to match
the demand of customers.38 In general, it is critical
that the amount of electricity generated matches
the demand for electricity as it changes over time.39

This is a challenging task since most power plants
are optimally operated at a steady rate of electricity
output; however, electricity demand changes signif-
icantly throughout the day.40 This problem is only
exacerbated when intermittent renewable resources
further penetrate the electricity supply. The follow-
ing sections describe the most common use cases for

energy storage systems that could employ PEV
batteries to improve some of the current problems
on the grid.

Peak Shaving

From time to time, increases in grid infrastruc-
ture must occur to keep up with growing demand for
electricity. In particular, electricity use at times of
peak demand tends to increase over time;41 thus, to
supply electricity to the load, extra grid generation
and transmission infrastructure must be installed.
To avoid these installations, it is instead possible to
use energy storage systems to level the electricity
load experienced at peak hours. Storing electricity
in times of low demand and discharging batteries
during peak demand accomplishes this. Accord-
ingly, less electricity must be generated from peak-
ing power plants and there is less strain on
transmission and distribution infrastructure. Sev-
eral studies have considered in depth both the
operation and economics of energy storage for peak
demand reduction.42–44 At this time, battery tech-
nologies such as sodium sulfur (NaS) are common in
this type of utility-scale applications because they
exhibit high power and energy density, long cycle
life, good safety, and good temperature stability.45

They are also good for high-volume applications.
However, used automotive batteries from pure
electric vehicles also have high energy density
because lithium-ion batteries also have the charac-
teristics of high energy densities and high efficien-
cies, making them a possible option for battery
energy storage systems.

Energy Arbitrage

Energy arbitrage is another possible use for PEV
batteries. With peak shaving use, battery systems
are operated to minimize the peak load that grid
infrastructure must provide. With energy arbitrage,
the goal is to charge and discharge the battery
system in order to make a profit, as has been
discussed in the literature.46–48 When energy is
cheap (such as at night), the battery system is
charged; later, when prices are higher, the stored
electricity is discharged.49 Energy arbitrage can be
used at both small and large scales. For instance, a
company could use an energy storage system to
lower their electricity costs by using cheaper, stored
electricity. Similarly, utilities can sell cheaper elec-
tricity, which has been generated when electricity
prices are low, and sell it in the afternoon when
prices are higher to turn a profit.

Frequency Regulation

A third possible use for PEV batteries is known as
frequency regulation, which for the electricity grid
refers to the need to tightly control the alternating
current (AC) frequency. When electricity demand at
any given moment exceeds generation, there is

Fig. 2. Schematic demonstrating the ability of energy storage to fill
gaps in renewable energy generation.
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missing energy which must somehow be supplied.
Typically, this gap in energy is supplied by the
kinetic energy of a generator’s rotors. However, this
slows down the rotors as well as the grid frequency.
If it is slowed enough, damage or blackouts can
occur. Therefore, grid frequencies are regulated by
ancillary services; they provide stored power which
safeguards the grid against imbalances.50

Frequency regulation can be achieved by several
types of systems or grid ‘assets’. For example,
thermal power plants, flywheels, and batteries can
all be used. However, different assets react to grid
imbalances at different speeds. For instance, ther-
mal power plants are slow assets, which take on
the order of minutes to inject power. Flywheels
and batteries, on the other hand, are fast assets
and can provide frequency regulation in less than
1 s. Reaction time is critical for frequency regula-
tion; thus, fast assets have greater value than
slow assets.51 For this reason, battery energy
storage systems from PEV battery packs have
been analyzed as an option to provide frequency
regulation.

Renewables Integration

Renewable resources such as wind and solar are
increasingly penetrating the resource portfolio as
governments aim to reduce the carbon impact of
electricity generation. Although increased solar
and wind generation is beneficial in terms of using
cleaner resources, there are consequences that
must be dealt with. For instance, wind and solar
are intermittent resources, which means that
variations in their output occur over various
timescales including season-to-season, day-to-day,
and minute-to-minute. This irregular nature of
wind and solar causes voltage and frequency
fluctuations on the grid and should be matched
with additional generation capacity to stabilize the
energy output.52

To enable wind energy integration, it has been
estimated that, for every 10% adoption of wind
power on the grid, other generation sources must be
used to provide between 2% and 4% of the installed
wind capacity to stabilize operation of the system.53

An additional downside associated with renew-
able energy sources is that they often produce
energy when it is not needed and the price is very
low; this is called over-generation. For instance,
wind turbines often generate the most electricity at
night when it is not as valuable. Similar problems
can occur with solar generation. For instance, solar
generation is a maximum at midday, but electricity
demand peaks in the late afternoon and early
evening. For both these problems, battery energy
storage systems such as those from PEV batteries
could be used instead of additional generation
sources. Many studies have discussed the need for
energy storage on the grid in order to integrate
renewable power [54–58]. If energy storage systems

are used to integrate wind and solar, electricity can
be stored at times of over-generation and be used
during peak hours.

Requirements

For all these possible applications, knowing the
technical requirements is very important in assess-
ing whether a battery energy storage system could
be used for that application. However, there are no
set power ratings or energy ratings that are
required for each application because there is a
range of needs within each application. For
instance, there is a wide range of renewable energy
installations all of which have a range of energy and
power rating requirements. However, there are
general trends in requirements for each application.

Vasquez et al. showed graphically the range of
power requirements for several grid applications
using energy storage systems.53 Table I shows the
range of power that could be required as well as the
duration for which energy storage must be able to
provide power for each application. Due to the
varied power and time range requirements, an
appropriate application can be matched to the
power and energy availability of a used PEV
battery.

From the data given above, it can be noted that
the behind-the-meter energy storage application
has some of the least stringent requirements com-
pared to the power and energy requirements for
reuse in a PEV; therefore, the applications in the
table are some of the best potential options for
repurposing PEV batteries.

CONCLUSION AND RECOMMENDATIONS

The applications presented above are some of the
most feasible options for repurposing PEV battery
packs after automotive use. If repurposing becomes
an employed EOL strategy, recycling used PEV
batteries can be postponed and reuse of battery
materials can be improved.

As has been mentioned, the main barriers to the
deployment of PEV batteries in secondary applica-
tions are economic uncertainty, battery health
uncertainty, and battery liability. In addition to
studying questions related to these areas, it would
be beneficial to advance knowledge in the area of

Table I. Power and discharge duration
requirements for energy storage applications53

Application
Power range

(MW)
Time range

(min)

Peak shaving 1100 200–400
Energy arbitrage 30–300 50–900
Frequency regulation 1–20 30–100
Renewables integration 1–100 50–1100
Behind-the-meter 0.01–5 0–100
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pilot and demonstration projects and technical
requirements for each application. Demonstrating
large-scale or long-term performance of automotive
batteries in other applications would validate capa-
bility and encourage other deployments. Similarly,
documentation of the technical requirements of
repurposing, such as capacity and power require-
ments for different applications, would help match
different electric car battery types to the appropri-
ate secondary use case.
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