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SUMMARY

Identifying the optimal way to process retired batteries has gained
attention from academics and industry. High energy and power den-
sity requirements of electric vehicles (EVs) might cause batteries to
be retired together with the vehicle that could still be used in other
applications. Therefore, transferring batteries into second-life"” ap-
plications has the potential to optimize costs and resource utiliza-
tion. The scope of this work is to give a perspective on challenges
that hinder second-life business models. First, the battery life cycle
is considered, showing potential costly phases that are necessary for
second life applications. After this, requirements of typically dis-
cussed second-life applications and battery availability challenges
are analyzed. Advanced battery diagnostics are necessary, and
missing open standards for the exchange of design and status infor-
mation are described. Exploiting the potential of a second life re-
quires addressing challenges during the development process.
Therefore, the last section describes challenges of developing
multi-life battery systems.

INTRODUCTION

In the last years, electric vehicles (EVs) have gained significant market shares in many
countries.” With rising production volumes of EVs, questions on how to handle large
amounts of retired vehicle batteries have gained a lot of attention in research pub-
lications.”~> With the fast rise of battery utilization in the energy and mobility sector,
material shortages and rising material prices are likely to be seen within the next
decade, before mining and raw material processing can sufficiently be ramped
up.®’ Recycling concepts for lithium-ion batteries have been developed and are
now ready for large-scale industrial implementation, but they cannot recover all crit-
ical materials.”""" To further decrease the costs of EV ownership and improve the
ecological advantage of EVs, making sure that the batteries can be utilized to their
full lifetime capabilities becomes increasingly important. To address this, much
research is performed in the field of battery aging mitigation and lifetime expansion
on the system and material level.”””" Furthermore, second-life applications for
retired vehicle batteries are being discussed and tested in pilot projects and are
the focus of this work. Zhu et al. provide a comprehensive overview of industrial pro-
jects for second-life battery applications.'® Stationary storage systems are the domi-

nant application described as use cases for retired vehicle batteries.’®"?

Looking at outlooks regarding the growth of the stationary battery and EV markets
and installed capacities, battery capacities in mobile applications will be an order of
magnitude higher compared with the stationary storage sector. The International
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Figure 1. Categories of challenges
An overview of the six categories of challenges of second-life concepts for retired electric vehicle
batteries that are described in this work.

Energy Agency (IEA) estimates that battery EV sales will be approximately 47 million
per year in 2030 if the climate goals of the Paris Agreement are reached.”®" Bloom-
berg estimates global sales of EVs to be 26 million in 2030.?? Using the current
average battery capacity of approximately 50 kWh per vehicle as a conservative es-
timate, this would mean that for the battery EV sector alone, 1,300 to 2,340 GWh
battery capacity will go into operation each year.”>”*° In contrast, the IEA expects
a stationary battery storage demand in 2030 of approximately 180 GWh per
year.”® The International Renewable Energy Agency estimates that the total installed
capacity of stationary batteries in 2030 will be 421 GWh.?’

On the one hand, these numbers show the immense role retired vehicle batteries
could play in the stationary storage system market when retired batteries can be suc-
cessfully introduced into the market, while on the other hand, it shows that second life
in a stationary system will not be the standard pathway for a majority of retired bat-
teries. For manufacturers of second-life battery systems to be competitive in the sta-
tionary storage market, challenges that go along with using retired vehicle batteries
must be understood, and selecting the most promising batteries out of the large pool
of retired vehicle batteries in a fast and reliable way will be a deciding factor.

This perspective discusses challenges that have to be addressed before the second
use of retired vehicle batteries can become an economically viable option for sta-
tionary storage manufacturers. The first part of the paper defines the battery life cy-
cle and describes processes that need to be added to the life cycle to enable the use
of the batteries in second-life applications. The main part of this work focuses on
challenges deriving from the requirements of potential second-life applications
and retired battery availability and health, as well as battery diagnostics and lifetime
prediction uncertainties. Here, the emphasis lies in helping future manufacturers of
second-life storage systems choose the right approach regarding use case identifi-
cation, battery sourcing, and diagnostics. Figure 1 shows the general outline of the
challenges discussed in this perspective.

During the description of the challenges, it will become evident at certain points that
an integrated development and coordination between vehicle and second-life sys-
tem manufacturers is beneficial. Addressing a possible second life already in the
development process of the vehicle battery can greatly improve the practicability
of the transfer process between first and second life.
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Figure 2. The battery life cycle
The life cycle of battery systems with the four additional pathways that are necessary for an efficient
circular economy approach based on Hu et al.”

BATTERY LIFE CYCLE

In general, the product life cycle describes the phases of a product from defining
product requirements and development to recycling after the end of life.”® In the en-
gineering of a product, the consideration of the whole life cycle is key to achieving
sustainable and cost-effective products.”” For many usages, adapted descriptions of
the product life cycle exist. Figure 2 illustrates the product life cycle for lithium-ion
batteries in EVs based on Kampker et al.?® The goal of the circular economy is the
effective and efficient usage of secondary resources.®’ This circular approach is

especially relevant for sustainable production and utilization.

The battery life cycle consists of the main stages of production, development, and vehicle
integration as well as usage and down-streamed processes at the end of life. After the
defined end of life, disassembly of the vehicle can start the second life. During the clas-
sification of the battery systems, the condition of the components, like battery cells, elec-
tronics, and housing, is assessed. Influencing factors are all parameters over the product
life so far. This starts with potential quality issues in production and covers everything up
until the end of the usage time. For usage, especially the actual power profiles with peak
power, the temperature conditions, which are mainly influenced by thermal manage-
ment, and charging habits are of major relevance.'**?* Based on the assessment dur-
ing classification, four alternate pathways are distinguished.

A battery system that shows a high state of health and good further prospects for
degradation might be used in the same application without any modifications.
This process can be defined as “reuse.”*> An example of the reuse of a battery sys-
tem is that the battery of one EV is used as a replacement part for a vehicle of the
same model range. “Repurpose” describes the usage of the battery in another appli-
cation. Vital for a successful repurposing is the suitability of the used battery for the
second-life scenario. Thus, the second-life scenario and its requirements have to be
well understood and the condition of the battery has to be evaluated before the im-
plementation in the scenario. During the process of repurposing, a limited disas-
sembly and reassembly of the battery are initiated. For example, connectors can
be changed to integrate the vehicle battery into a stationary storage system. The
aim is to reuse all major assemblies to limit the depth of disassembly and, in conse-
quence, the correlating process costs. Figure 3 shows the labor-intensive process of
manual battery disassembly.
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Figure 3. Manual battery pack disassembly

Parts of a battery pack disassembly performed at PEM of RWTH Aachen University are shown, focusing on steps that typically cannot be automated.
Almost all steps need to be carried out under high voltage conditions and require a multitude of manual steps like unscrewing connections,
disconnecting clips, and unplugging connectors. Thermal interface materials are mostly glued and require high forces for separation.

During the disassembly process, components can be omitted or added to integrate
new or changed functions. Repurposing can include activities such as the replace-
ment or repair of core components.’® In contrast, “remanufacturing” is defined as
the combination of reusing and repairing a product while replacing some compo-
nents with new ones to rebuild a product with original specifications.?” This leads
to resource-saving handling of batteries due to the usage of already produced com-
ponents and reduced energy consumption during the process.*® On the other side,
there are challenges in the increasing effort to ensure the traceability of the new
components installed.?” “Recycling” of a battery is the process in which the raw ma-
terials are reclaimed and used as the starting point for the production of new batte-
ries. There are various methods, such as thermal conditioning, mechanical process-
ing, pyrometallurgical processing, hydrometallurgical processing, and direct
recycling.’’ Most recycling processes use a combination of different methods.

A generic description of the currently used process of determining the further
pathway for batteries that have reached their end of life in a vehicle is shown in Fig-
ure 4. After delivery to the place of further processing, the process of reassignment
can start. In the beginning, examination and testing of the battery are necessary. The
tests are a key point in the system classification and the later process determination.
Challenges during this process step are described in more detail later. Depending
on the classification results, the scenario is chosen, following one of the four path-
ways described earlier. For the highest potential batteries, the remanufacturing sce-
nario can be used. For suitable batteries with lower health indications, the repurpose
scenario is typically the way to go. In the case of a less promising lifetime prognosis,
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Figure 4. The process of second-life determination

Retired batteries traditionally need to be tested and disassembled to determine whether they are
suitable for one of the second-life categories (reuse, remanufacture, repurpose) or must be handed
over into a recycling process.

the actual end of life is reached, and no further active use of the battery is possible.
Here, the batteries are directly transferred into a recycling process to support circu-
lar economy principles and allow a less wasteful production of new batteries.

CHALLENGES FOR SECOND-LIFE BATTERY DEVELOPERS

Critical operating requirements of second-life applications

Stationary applications are the number one use case for retired EV batteries.’ >~
The reasoning behind this premise is that requirements for range and, therefore, en-
ergy density, as well as power capability during fast charging, are very high in mobile
applications. When capacity decreases and internal resistance rises during the ser-
vice life of the vehicle, the battery will reach a point when it can no longer fulfill its
role in a mobile application. Focusing on these aspects alone results in stationary ap-
plications being identified as ideal fields for the further use of retired vehicle batte-
ries. The next section describes two typical stationary applications, often discussed
as such second-life use cases. Analyzing these applications allows us to identify crit-
ical requirements.

Requirements for home storage systems

One of such second-life applications is home storage systems, typically combined
with a roof-mounted photovoltaic (PV) system. The purpose of the energy storage
in this application is to store the solar energy generated during the day, peaking
at mid-day, so it can be consumed in the evening when residents return from work
and solar power is no longer available.** The purpose of the system is that one cycle
is performed per day with high depths of discharge (DODs) on sunny days. The “Sci-
entific Measurement and Evaluation Program, Solar Power Storage 2.0” describes
typical systems and their operation in Germany, showing the average number of
equivalent full cycles per year is about 250.*> Research in the field of PV home stor-
age systems tries to increase the lifetime of the systems to gain a competitive cost
advantage.*® Especially in the market of private home storage systems, potential
savings must be high enough for the end user to tolerate more regular construction
works during system replacement. The reduced energy density of the system results
in larger space requirements in the private home compared with new battery sys-
tems. Additionally, limited warranties, as further discussed later in this perspective,
have a high impact on this market.
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Figure 5. Requirements for EVs and stationary storage systems
Vehicle and stationary applications show drastically different requirements for the energy storage
system.

Requirements for industrial load leveling storage systems

A second application, discussed in the context of second-life options, is commercial
storage systems to reduce the peak load and demand rate to reduce electricity
costs.?” Depending on the underlying power profile of the company and the amount
of flexibility the company needs, systems are usually only oversized to compensate
for the aging-related capacity loss to reduce initial investments. Peak load reduction
aims at leveling the grid load to reduce the maximum power demand from the grid
or to shift heavy loads to times with low electricity prices. Storage times are therefore
short with cycles not longer than one workday.*” Therefore, cycle lifetime is again an
essential requirement that developers of storage systems for peak power reduction
need to account for in order to reduce the initial oversizing and allow for sufficient
service life.

For retired passenger vehicle batteries to be viable in such applications, costs must
be drastically lower than those of systems designed with fresh cells. Only then is dra-
matic oversizing of the system possible, aiming at decreasing the DOD to achieve a
competitive service life. Otherwise, costs must be low enough to enable more
frequent battery replacement, taking into account costs for the system itself as
well as overheads for transportation, construction, and off times.

Mismatch of passenger vehicle requirements

Passenger EV battery sizes are continuously growing, resulting in very low average
DODs for daily trips. Batteries in modern EVs are optimized for high range and
high power during charging rather than cyclic lifetime. New vehicle battery technol-
ogies, such as nickel-rich cathodes or silicon-blend anodes, are therefore focusing
on energy density over a cyclic lifetime.® ' Bringing retired vehicle batteries into ap-
plications with high cyclic lifetime requirements, such as load leveling systems or
home storage systems, is problematic given the mismatch in battery optimization
targets of the private vehicle and stationary storage system sectors.

The shorter lifetime of retired batteries causes expenses not only based on the direct
costs of replacing the system but also caused by installation, transportation, and
downtime of the system. Since these costs cannot be reduced using retired batte-
ries, it remains questionable whether a reduction of total costs is achievable. Figure 5
summarizes the conflicting requirements of EVs and stationary systems.

Electric long- and medium-range trucks operate under conditions closer to those of
stationary storage systems, namely smaller oversizing compared with the opera-
tional requirements and higher utilization. As will be discussed later, retired truck
batteries might be more suitable for stationary second-life applications, further
reducing the prospects of private EV second-life concepts. Stationary applications
with typically low cycle count, such as grid-level operating reserves or emergency
power supplies for critical infrastructure, seem more suitable for using retired vehicle
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batteries than the two cases discussed here, but other factors described in the
following sections are equally challenging to overcome.

Safety and reliability requirements, warranties, and product liability

Designing safe and reliable battery systems, even utilizing new cells, is a challenging
engineering task. Failures in batteries with large energy contents, presentin EVs and
most stationary storage systems, can have catastrophic impacts, inflicting large eco-

nomic damages and, in the worst case, even endangering human life.*®->?

Looking at the three potential second-life applications presented earlier, it becomes
clear that even with lower requirements in terms of energy and power density, safety
and reliability requirements are generally not changing. Especially for energy stor-
age systems installed in residential buildings, often in the basement of family homes,
battery fires can be life threatening. For stationary applications offering peak load
reduction or grid-level operating reserves, typically in the megawatt-hour scale,
any critical failure of a cell that cannot be isolated can inflict large economic dam-
ages on the system operator.’” With these risks in mind, manufacturers take great
care to design safe and reliable battery systems, and safety tests are a standard pro-
cess during any development process.”” Even single catastrophic events can under-
mine customer trust in a product or product range. A prominent example of this is
the Samsung Galaxy Note 7 battery’s design error that caused some of their mobile
devices to catch fire during charging. The error led to Samsung canceling the sale of
the product, and the damage to customer trust led to a reduction in sales of the
whole mobile phone branch of 15% in 2016.%* The recall and lower sales figures
meant that operating profits in the mobile division of Samsung went down by
96%.>* While Samsung’s mobile business was able to recover, many young and me-
dium-sized manufacturers of stationary storage systems might not have the resil-
ience to rebuild customer trust.

Manufacturers take great care to design safe and reliable battery systems, and safety
tests are a standard process during any development process, following testing re-
gimes specifically tailored to a given application.” Testing is performed on repre-
sentative production samples during homologation.

Managing the potential risks stemming from an unregulated second-life battery
market is key to its success. Regulations and testing standards need to be developed
and updated.®® UL 1974 is such a new standard, covering the process of used battery
safety and performance evaluation.’® For the certification of the second-life battery
system itself, UL 1974 refers to the same standards that are used for systems built
with fresh battery cells and components. Another standard regarding the safety of
second-life battery systems is IEC 62933-5-3, but at this time, it is unclear how
testing standards could be adapted to cover battery systems built from used battery
components and especially how the varying quality of used batteries would affect
testing representability.”’

Additionally, producers offering second-life battery solutions must compete in an
open market against competitors using new battery cells and modules. Warranties
and service life promises must therefore be comparable or proportional to a reduc-
tion in price. Since the original cell manufacturers of the storage system will no
longer cover the retired system with warranties and will probably refuse product li-
ability, when the application and/or construction of the battery system is changed,
the exposure to safety and reliability problems lies solely on the second-life system
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Figure 6. New vehicle registrations
Vehicle registration numbers of the 25 models most sold in Germany in 2021 are shown in descending order of WLTP ranges based on data from EV
Database” and Kraftfahrt-Bundesamt.””

manufacturer. Without clear guidelines from regulatory bodies, it remains question-
able whether these legal issues can be resolved.

Battery availability

EV sales are continuously growing. In theory, this will mean that once the vehicles
reach their end of life, many batteries will be available for secondary applications.
To be able to estimate used battery availability, it is necessary to look deeper into
the scenarios in which EVs are retired. Many studies regarding the use of retired
vehicle batteries in second-life applications are based on the estimation that the first
use ends once the battery’s remaining capacity has reached 70%-80% of its initial
value or once the internal resistance of the pack has doubled, significantly reducing
the power performance during charging.>*°%°? When EVs first went into series pro-
duction in the early 2010s, ranges were low, between 100 and 200 km.%*" Based on
this low initial value, it was fair to assume that once the range lowered to 80%, finding
new users for a used vehicle would be a challenging task, and many of those batte-
ries would leave the mobile application. Saxena et al. have suggested alternative
end-of-life criteria that are determined by user needs rather than fixed theoretical
values.®? Additionally, the used car market has to be considered.

In the past years, battery sizes have grown significantly. Figure 6 shows the number
of new vehicle registrations in Germany in the year 2021 for the 25 best-selling
models in descending order of their range. The market seems to favor vehicles
with ranges around the median of 360 km, but vehicles with less than 200 km of initial
range still have a market share of approximately 9%. The Volkswagen Up was the
model with the second most registrations this year, having a range well below

8 Cell Reports Physical Science 3, 101095, October 19, 2022



Science (2022), https://doi.org/10.1016/j.xcrp.2022.101095

Please cite this article in press as: Bémer et al., Challenges of second-life concepts for retired electric vehicle batteries, Cell Reports Physical

CeHRerﬁs .
Physical Science

Owner 1 Owner 2 Owner n

= T e g

2nd_|ife
| i e |
| |
| s |
| + I
' P !
| - ’ I
| s

Figure 7. Second-life manufacturers in competition with the used car market

The used car market has a similar capability to increase battery utilization as second-life
applications. Second-life system manufacturers have the additional burden to sell or recycle the
vehicle without the battery system

80% of the median of vehicles sold. It is therefore evident that users with very
different requirements regarding range participate in the car market today.

There is no technical reason why a functioning used car market should not continue
to be able to match used cars with lower technical capabilities to users with corre-
sponding needs. Analyzing the drivetrain of the Volkswagen ID.3, Wassiliadis et al.
have recently shown how, under realistic usage patterns, the lifetime of modern EV
batteries far exceeds the 8-year warranty, guaranteeing 70% remaining capacity.'”
To estimate whether the rest of the vehicle reaches its end of life at a sufficiently
earlier time often enough for second-life storage manufacturers to focus on this
sector, the lifetimes of the non-drivetrain components have to be considered.
The average age of private cars in Germany is around 9-10 years, meaning other
vehicle components, such as body, brakes, and interior, are already designed in a
way that they do not limit the lifetime of the vehicle prematurely.®® Since vehicle
components other than the battery undergo similarly, or in the case of the braking
system even less, wear in an EV, there is no reason for the lifetime of the non-drive-
train to be a limiting factor for the full vehicle lifetime under normal use. This would
mean that in many cases, the battery would be able to reach its end of life inside
the vehicle it was originally delivered in, traveling through the hand of users with
decreasing range requirements and budgets. In many cases, a secondary use in a
stationary application is therefore obsolete while at the same time offering a supe-
rior option both from an economical and an ecological perspective by enabling the
battery to reach its end of life during operation and preventing obsolete vehicles
without batteries that need to be scrapped. Figure 7 shows how vehicles will
change hands from owner to owner. In the best case, owner n will use the vehicle
until the battery has reached its end of life, resulting in the vehicle and battery be-
ing recycled simultaneously. The red arrow marks the undesirable case where no
new owner for the vehicle can be found, and the vehicle is transferred into recy-
cling with a battery that has not reached its end of life. Here, second-life applica-
tions, marked by the yellow box, come into play. As described earlier, the battery
is removed from the vehicle and transferred into an application with new
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requirements, allowing the battery to reach its end of life before recycling. It be-
comes evident that the second-life system manufacturer operates in competition
with the used car market.

Potentials for secondary usage scenarios emerge when the lifetime of the battery
and the rest of the vehicle do not sufficiently align. The following section will present
a closer look at such scenarios.

Batteries from crashed vehicles

One such situation where the vehicle reaches its end of life before the battery is
vehicle crashes that render the vehicle unusable but the battery intact. Especially
at young vehicle ages, this scenario offers the chance to obtain a largely unaged bat-
tery. The vehicle owner will probably be willing to sell the battery at a low price since,
without the vehicle, the battery has no use to the operator, and replacement vehicles
will be delivered with a new battery anyway. The significant challenge that a manu-
facturer of stationary systems faces when trying to use batteries from crashed vehi-
clesis reliably selecting batteries that are safe to use in a secondary application. The
diagnosis of such systems needs to be performed individually for each battery and
cannot solely rely on sensor data, since the measurement systems went through
the crash as well and might be damaged. Consequently, this means that potentially
damaged batteries would have to be transported to the manufacturer of the station-
ary storage system and manually diagnosed. This causes high costs, even for the bat-
teries that are then diagnosed as unusable. Uncertainties in the status diagnosis of
the battery will remain, even after extensive checks on the crashed battery, and
are further aggravating the issues described in the previous section. Because of
this, our expectations that batteries reclaimed from crashed vehicles will play a large
role in a competitive second-life storage market are low.

Batteries in very short-range small cars

As we discussed earlier, for a battery to reach the point of a useful value of zero in
the mobile application, it does not necessarily have to reach its knee point, or the
point where it is unable to continue safe operation at less challenging load profiles.
This scenario is the one most often discussed in second-life studies, but as
described before, leaving behind the fixed 80% state of health (SOH) end-of-life
criterion makes a more in-depth analysis necessary. The beginning of this section
described that small EVs with low ranges between 100 and 200 km still play a rele-
vant role in the car market. Since these vehicles already attract a limited customer
base, only using the vehicle on short trips, any further aging-related reduction of
range makes it quickly unattractive for most users on the secondary market. There-
fore, when the SOH reaches the often-quoted 70%-80% range, continued use in a
vehicle is unlikely. Since even short trips require high DODs, for those kinds of ve-
hicles, it can be expected that this point is reached earlier in the vehicle lifetime
than, for example, in the ID.3 analyzed by Wassiliadis et al. in 2022.°* Because
users might be inclined to search for a replacement battery because the rest of
the vehicle is still perfectly usable, some manufacturers of these short-range EVs
offer battery replacements.®® This makes it possible for stationary system manufac-
turers to work directly with the car manufacturers to source these batteries. With
battery capacities increasing, even in low-cost vehicles like the Dacia Spring or
Volkswagen Up, it has to be monitored whether the segment of very short-range
small cars will still be relevant in the future car market.®>*” When used EVs are
becoming available at competitive costs, this segment might be under threat as
a whole.
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Batteries from commercial applications

In contrast to private users, commercial buyers of EVs are much more inclined to
optimize their investment into the technical capability of their battery systems with
respect to their operational requirements. The way of allowing a sufficient opera-
tional lifetime in these commercial systems is to oversize the battery so that ag-
ing-related capacity reduction can be compensated over the planned lifetime. In
many cases, commercial operators of EVs have very strict requirements regarding
range and charging speeds, directly resulting from their commercial activities.
Busses might be required to be able to serve defined routes, and long-range trucks
need a certain range for charging to synchronize with driver resting times over the
full usage time of the vehicle.®®*? With these requirements, a planned retirement
of the battery system at an SOH of 70% results in the need to oversize the battery
system by 43%, significantly increasing initial investments. Therefore, the 70%—
80% SOH end-of-life criterion is usually a realistic estimation for commercial users
that have to manage the trade-off between initial investment costs and saving in to-
tal costs over the lifetime of the system. A long cyclic lifetime can have a high impact
on profitability for long-range electric trucks, so rather than solely maximizing en-
ergy density, cycle life is one of the key development goals in truck battery design.”®
These batteries optimized for long cycle life, leaving service with good SOHs of
around 70%-80%, are particularly interesting for second-life storage manufacturers.

Long-range electric trucks are only beginning to enter the market, so it remains un-
clear when retired batteries are becoming widely available. Professional users often-
times have the option to allocate older vehicles to less demanding usage profiles, for
example by changing the bus's route or using the truck for shorter routes. Therefore,
even though operators might select the vehicles based on an end of life at 80% SOH,
the ability to move older buses to shorter, less demanding routes or sell used trucks
to companies with lower range requirements might result in batteries leaving the
fleet with lower SOHs. Nevertheless, the commercial vehicle sector seems to be
more attractive for second-life storage manufacturers because batteries are more
often optimized for longer lifetimes, and the end-of-life criterion of 80% SOH is
more realistic here.

Diagnostic methods and open standards for battery management system
integration

Knowing the status of a used battery and being able to estimate the future life is a
key factor in deciding an optimal pathway for its future use. In the following section,
the current situation regarding battery diagnostics and the proposal regarding bat-
teries and waste batteries made by the European Commission on December 10,
2020, will be discussed. In the second part of this section, the current options for re-
using the battery management system of used batteries are described, and chal-
lenges regarding open standards are evaluated.

Options for battery health estimation

Currently, status diagnostics inside vehicles focus on giving the user correct informa-
tion about the remaining driving range over the lifetime of the battery.” '~ This SOH
value is generally part of the data that can be easily obtained from the battery man-
agement system, even for third parties using controller area network (CAN) commu-
nication readers. This status value, however, is not sufficient to evaluate the future
trajectory of the capacity, so second-life system integrators with better insights
into the remaining lifetime of the battery will have a competitive advantage.
Different lifetime prognosis algorithms are described in the literature.”*”"” As dis-
cussed in the context of crashed batteries, performing elaborate measurements
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on an individual battery to determine its value in a second-life application is not
economical. Therefore, the most economical way of selecting the batteries most
suitable for second-life applications is by utilizing methods that can work with the
data already available from battery management systems, meaning no extra mea-
surements need to be performed and the data are solely obtained by sensors
already installed in the battery system.

Data-based machine-learning methods are the most promising methods working in
this efficient way. Li et al. proposed an efficient cloud-based method for lifetime
prognosis.”® Of course, data-based methods require sufficient training data, and
the historical data of the individual battery under evaluation must be disclosed to
apply the trained algorithms. Digital twins of battery systems, as described in Li
et al.,’” are very well suited to perform these tasks of operational data collection
and processing. However, who has access to the information stored in the digital
twin framework poses new challenges. While the disclosure of individual battery sta-
tus data might increase the quality of diagnostics and increase the possible resale
value of an EV or battery, privacy issues emerge. Knowing the vehicle specifications,
motion profiles, and user patterns can be obtained from SOC data, meaning many
users might not be willing to give up this sensitive information without compensation
oron open, public platforms. Itis, therefore, probable that vehicle manufacturers will
be directly involved in providing access to the battery’s digital twin and lifetime
prognosis information, given that they have access to all the relevant data. It can
be expected that corporate partnerships between vehicle and second-life storage
manufacturers will be most capable of selecting batteries for second-life systems
in a competitive stationary storage market with a surplus of retired vehicle batteries
with drastically varying remaining service life. It was mentioned before that the used
car market would be the biggest competitor for second-life storage manufacturers in
procuring batteries for their products. All improvements in lifetime prognosis
methods, reducing uncertainties regarding the remaining service life of a vehicle
battery, are not only benefiting the second-life manufacturer but also help
strengthen the used market for vehicles. More confidence in the remaining lifetime
of an EV will result in more users being willing to buy used, resulting in fewer vehicles
being retired prematurely, with high enough SOHs to be further processed in the
second-life market.

The EU battery passport proposal

Details about a battery’s design and composition are also usually undisclosed to the
public to protect trade secrets and intellectual property, making it hard for com-
panies to explore options for the manufacturing of second-life storage systems
outside of strict confidentiality agreements. To address this and other problems,
the European Commission is planning to change its battery directive, making it
mandatory for manufacturers of battery systems larger than 2 kWh to give informa-
tion about their systems.®” The proposal describes an electronic exchange system,
making a battery’s composition, manufacturing, technical performance, and sustain-
ability parameters available, either publicly or to accredited companies. Addition-
ally, the European Commission proposes that operators manage a database for
each individual battery, a so-called "“battery passport.” This database is supposed
to store sufficient information to determine the SOH and expected lifetime of the
batteries. Capacity, power capability, and internal resistance are supposed to be
accessible by scanning a QR code on the battery. In contrast to the database for
information about the system’s initial composition, it is not disclosed by the commis-
sion whether they are willing to create a platform for the exchange of dynamic indi-
vidual battery data, so the real-life implementation of the proposal remains unclear.
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It is also unclear whether the data planned to be part of the battery passport can be
directly used for data-driven lifetime prognosis methods.

The second use of battery electronics

In contrast to being transparent about a battery’s design and performance, transpar-
ency regarding BMS software and algorithms is currently not being discussed. The
intelligent design of a BMS can offer significant competitive advantages to vehicle
manufacturers, for example regarding range estimation accuracy or fast charging
performance. A manufacturer of a second-life stationary system, therefore, faces
the challenge of gaining access to this sensitive information to be able to reuse com-
plete modules or battery packs. Having to develop and connect new BMS hardware
and software that can work with a large variety of retired batteries causes high costs,
effectively limiting the value of the retired battery further.

As described earlier, repurposing vehicle batteries in second-life systems normally
means that the composition of the batteries is changed. The battery packs get dis-
assembled, in most cases at least to the module level, diagnosed, sorted, and recon-
figured to form the second-life system. The new pack architecture, with a new
arrangement of serial and parallel modules or cells originating in different retired
vehicle batteries, requires a new BMS structure as well as new BMS control and diag-
nostic functions. Even after combining modules or cells with similar aging statuses to
form the second-life system, it is unavoidable that parameters such as capacity and
internal resistance will further diverge during the second-life operation.?’ Therefore,
balancing strategies become increasingly important in the second life and might
require new balancing systems not needed in the mobile application. To be able
to repurpose the BMS in this case, for example by keeping the BMS slaves connected
to the modules, the configuration of the BMS software will have to be changed to
allow it to communicate with the new BMS master of the second-life system or
with the reconfigured repurposed BMS master of the vehicle battery. Additionally,
the new application requires a reconfiguration of key control parameters. Adapting
voltage limits, current derating, and a reevaluation of the usable energy and SOC
window are important to optimize the operation and lifetime given the new opera-
tional environment of the system.

Stationary system manufacturers working together with vehicle manufacturers in
corporate partnerships might be a solution, offering a significant strategic advan-
tage, compared with independent second-life storage manufacturers, by giving
the second-life system integrators access to the BMS programming. Current pilot
projects, most of the time involving the vehicle manufacturer, support this thesis. '

INTEGRATED DEVELOPMENT OF MULTI-LIFE BATTERY SYSTEMS
Challenges of development processes for multi-life battery systems

Today, the market requirements for the second life of a vehicle battery are still
largely unclear or unconsidered during vehicle battery development. As described
earlier, the time in the battery life cycle at which the first life ends and an evaluation
regarding a second-life usage can be performed is not predetermined. Currently, an
SOH of 80% is often determined as the time at which the first life ends but is depen-
dent on a broad spectrum of influence factors. Another challenge arises from limited
knowledge about the second-life use cases during the initial development of the
battery system. Therefore, considering a possible second life with its requirements
and optimizing a battery system for its complete life cycle during the initial develop-
ment of the vehicle battery is not practiced today. Nevertheless, strategic partner-
ships between EV manufacturers and stationary storage manufacturers can address
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part of the challenges, like the challenge of the lack of knowledge about require-
ments, and enable such an integrated approach to product development since sec-
ond-life applications can be preselected. By simultaneously optimizing the battery
system for both life cycles, the potential of the battery system for second-life appli-
cations can be exploited already in first-life development by identifying design ele-
ments and construction methods that benefit the second-life usability without
affecting the first-life system in a negative way. This results in a significant improve-
ment in the suitability of the used battery system for second-life applications. An in-
tegrated approach to the development of the battery systems comes with its own
challenges, though. Requirements of the planned first- and second-life applications
must be considered and are leading to very complex requirement structures. Since
no vehicle manufacturer will be able to compromise the fulfillment of first-life re-
quirements, it is especially important that solutions are identified that improve the
second-life suitability without leading to disadvantages (e.g., additional costs) in
the vehicle application. Identifying and designing those solutions during the inte-
grated development process is a complex task and requires a methodical approach.

Using model-based systems engineering methods to optimize the first-life
battery system regarding the second life

To consider first- and second-life requirements and their relationships in the inte-
grated development and optimization of battery systems, different physical
behavior models are necessary.

The specificity of the battery system behavior models that accurately model the per-
formance of the system is that the models are designed by experts of thermal, me-
chanical, and electrical domains. These individual models from different domains
are highly interdependent. Additionally, battery systems age with aging rates that
are dependent on parameters that need to be obtained from other modeling do-
mains, e.g., the thermal performance. Therefore, the behavioral models must
describe the design of the first-life battery system, the life cycle of the battery sys-
tem, and the design for a second life, as well as manufacturing and economic as-
pects. Between these behavioral models, various dependencies must be handled
for successful integrated development and optimization. For example, battery tem-
peratures during use affect the electrical performance, and electrical load profiles
and temperatures influence the aging of the system. Furthermore, the dependency
of the model inputs and outputs on the different requirements resulting from the
first- and second-life applications must be managed. These dependencies between
models, as well as between models and requirements, are currently inadequately
mapped for multi-life battery systems.

An approach to mastering these dependencies is to build a central development
model using model-based systems engineering (MBSE) methods.®?®* Several
MBSE methods are existing,®” such as SYSMOD,?® FAS4M,%"¥® and the Motego
method.?”?° Differences between the MBSE approaches lie especially in the way
of how they link development results and model the logical product description.
The Motego method is particularly suitable for the integrated development and
optimization of battery systems, since this method facilitates the integration and
interconnection of executable models in the solution description.

This way, existing models within different specialized modeling environments can be
linked. For example, thermal models created in dedicated thermal modeling soft-
ware and aging models created in Python or MATLAB can be connected by using
the Motego method and modeling framework.
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Figure 8. Extract from the Motego method applied to a battery system

Basis for model-based systems engineering methods is the system model with the layers
requirements, functions, solutions, and product realization. To identify solutions that meet certain
requirements, the solutions of the Motego method include domain models, like electrical, thermal,

and aging models of batteries.

In the Motego method, all development artifacts, from requirements to functions
and solutions, are seamlessly linked. Figure 8 shows this seamless connection for a
segment of the battery system. The central elements of the Motego are the solution-
neutral description of the product’s architecture in the functions area and the asso-
ciated solutions area. Within the solutions area, the realization of the functions is
described through the principle solution, consisting of parameters and simple phys-
ical models.”®?" Additionally, this simple product description is linked to all domain
models and workflows that are necessary for design, validation, optimization, pro-
duction planning, and cost calculation.®””?? These models are essential for devel-
opment decisions and for testing the solution concerning the fulfilment of the re-
quirements for both the first life and the planned second life of the battery.”

In conclusion, the Motego method is well suited to link development artifacts
comprehensively that are necessary for integrated product development and opti-
mization. A prerequisite for creating a system model with the Motego method to
support the integrated development and optimization of the battery system is the
availability of models that describe the usage of the battery system in the first life.
In particular, this includes models that predict precisely and reliably the remaining
lifetime and condition of the battery after a defined usage period. Only through
prediction of the remaining life and battery condition at the transition point be-
tween first and second life is it possible to already develop a second-life battery
system during the development process for the first-life application. While such
lifetime prediction models are available and achieve ever-increasing accuracy,
their output depends on realistic estimations of the first-life usage patterns and
circumstances.

To find the most suitable design of the battery system for both life cycles, the digital
twin of the battery systems in the system model must meet the requirements of both
life cycles as well as possible. To find this optimum efficiently, sensitivity analyses
and optimization algorithms are suitable and help to manage uncertainties about
first-life usage patterns and environments. Due to the modeling of the battery sys-
tem parameters and the integration and interconnection of domain models, the sys-
tem model, once carefully created and validated, offers the best prerequisites to
manage the complexity of developing multi-life battery systems.
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CONCLUSIONS AND OUTLOOK

Second life is a promising path to increase the usage time of battery systems,
thereby decreasing the total lifetime costs and increasing resource utilization. In the-
ory, the predicted yearly production volume of batteries in mobile applications
easily generates enough retired batteries to supply the stationary sector, even
considering the reduced starting SOH. For second-life batteries to become widely
adopted in the stationary sector, several challenges need to be addressed by regu-
lators and industry actors.

Even with lower requirements in terms of energy and power density, other require-
ments, especially in the field of safety and reliability, are as critical in stationary ap-
plications as in the mobility sector. Standards for the evaluation and homologation
of battery systems based on retired vehicle batteries must be developed and rolled
out to ensure that aging-related reliability and safety concerns are controlled.

A second area with great challenges for manufacturers of second-life battery sys-
tems lies in the sourcing of old yet still usable vehicle batteries. Many vehicle batte-
ries will be able to reach their safe end of life in the mobile application by changing
hands to users with lower range and charging-speed requirements, making the
transfer into a stationary application unnecessary.

In all described scenarios, second-life stationary storage manufacturers will
compete with others on the used vehicle market, most of the time facing the extra
burden of having to buy complete vehicles to obtain only the battery for further
use. Removing batteries for second-life applications and scrapping the rest of
the vehicle at the early stages of its life cycle will not be the most economical
and ecological pathway in most cases. Commercial vehicles with strict require-
ments for their operation mode, like long-haul trucks, might be a more likely
source. Partnering with a manufacturer of commercial EVs, like trucks and buses,
seems to be the best option for second-life storage manufacturers to reliably
source batteries with a sufficient remaining lifetime. In a future study, we will pub-
lish findings regarding used battery pricing to evaluate business models for sec-
ond-life storage manufacturers further.

In terms of battery diagnostics and the exchange of battery status data, controlled
platforms need to be developed, going further than the current battery directive is-
sued by the European Commission, to create an open and transparent market for
used vehicle batteries. Currently, only a partnership between a stationary storage
system manufacturer and a vehicle manufacturer allows the exchange of relevant sta-
tus data and information about pack design, material composition, and BMS soft-
ware functionality.

The integrated development of multi-life battery systems is the logical next step to
optimize battery utilization across multiple usage scenarios. Model-based system
engineering provides the necessary methods and tools to support this complex
development approach.

ACKNOWLEDGMENTS
The project “"Model2life” on which this publication is based was funded by the
German Federal Ministry of Education and Research (BMBF) within the Competence

Cluster Battery Utilisation Concepts (BattNutzung) under the grant number
03XP0334.

16 Cell Reports Physical Science 3, 101095, October 19, 2022



Please cite this article in press as: Bémer et al., Challenges of second-life concepts for retired electric vehicle batteries, Cell Reports Physical
Science (2022), https://doi.org/10.1016/j.xcrp.2022.101095

Cell Reeorts .
Physical Science

AUTHOR CONTRIBUTIONS
Conceptualization, M.F.B. and W.L.; investigation, M.F.B.,, M.H.F., B.S., and K.S;
writing — original draft, M.F.B., M.H.F., B.S., and K.S.; writing — review & editing,
M.F.B., M.H.F., B.S., KS., HH.H., and W.L,; funding acquisition, H.H.H. and
D.U.S.; supervision, H.H.H., D.U.S., and W.L.

DECLARATION OF INTERESTS

The authors declare no competing interests.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

REFERENCES

1.

International Energy Agency (2022). Electric
cars fend off supply challenges to more than
double global sales — Analysis - IEA. https://
www.iea.org/commentaries/electric-cars-
fend-off-supply-challenges-to-more-than-
double-global-sales.

. BloombergNEF (2016). 95 GWh of EV Batteries

to be extracted from cars by 2025. https://
insideevs.com/news/330848/bloomberg-new-
energy-finance-95-gwh-of-ev-batteries-to-be-
extracted-from-cars-by-2025/.

. Ai, N., Zheng, J., and Chen, W.-Q. (2019). U.S.

end-of-life electric vehicle batteries: dynamic
inventory modeling and spatial analysis for
regional solutions. Resour. Conserv. Recycl.
145, 208-219.

. Fallah, N., Fitzpatrick, C., Killian, S., and

Johnson, M. (2021). End-of-Life electric vehicle
battery stock estimation in Ireland through
integrated energy and circular economy
modelling. Resour. Conserv. Recycl. 174,
105753.

. Hu, X,, Deng, X.,, Wang, F., Deng, Z,, Lin, X,

Teodorescu, R., and Pecht, M.G. (2022). A
review of second-life lithium-ion batteries for
stationary energy storage applications. Proc.
IEEE 770, 735-753.

. International Renewable Energy Agency

(2022). World energy transitions outlook.
https://irena.org/publications/2022/mar/
world-energy-transitions-outlook-2022.

. Gielen, D.. Critical materials for the energy

transition. https://irena.org/-/media/Files/
IRENA/Agency/Technical-Papers/
IRENA_Critical_Materials_2021.pdf.

. Fan, E,, Li, L., Wang, Z,, Lin, J., Huang, Y., Yao,

Y., Chen, R., and Wu, F. (2020). Sustainable
recycling technology for Li-ion batteries and
beyond: challenges and future prospects.
Chem. Rev. 120, 7020-7063.

. Sommerville, R., Zhu, P., Rajaeifar, M.A.,

Heidrich, O., Goodship, V., and Kendrick, E.
(2021). A qualitative assessment of lithium ion
battery recycling processes. Resour. Conserv.
Recycl. 165, 105219.

. Gratz, E., Sa, Q., Apelian, D., and Wang, Y.

(2014). A closed loop process for recycling
spent lithium ion batteries. J. Power Sources
262, 255-262.

20.

. Chen, M., Ma, X., Chen, B., Arsenault, R.,

Karlson, P., Simon, N., and Wang, Y. (2019).
Recycling end-of-life electric vehicle lithium-
ion batteries. Joule 3, 2622-2646.

. Zhu, J., Dewi Darma, M.S., Knapp, M.,

Serensen, D.R., Heere, M., Fang, Q., Wang, X.,
Dai, H., Mereacre, L., Senyshyn, A., et al. (2020).
Investigation of lithium-ion battery
degradation mechanisms by combining
differential voltage analysis and alternating
current impedance. J. Power Sources 448,
227575.

. Ansean, D., Garcia, V.M., Gonzalez, M., Blanco-

Viejo, C., Viera, J.C., Pulido, Y.F., and Sanchez,
L. (2019). Lithium-ion battery degradation
indicators via incremental capacity analysis.
IEEE Trans. Ind. Appl. 55, 2992-3002.

. Lander, L., Kallitsis, E., Hales, A., Edge, J.S.,

Korre, A., and Offer, G. (2021). Cost and carbon
footprint reduction of electric vehicle lithium-
ion batteries through efficient thermal
management. Appl. Energy 289, 116737.

. Zhu, J., Mathews, |., Ren, D., Li, W., Cogswell,

D., Xing, B., Sedlatschek, T., Kantareddy,
S.N.R., Yi, M., Gao, T., et al. (2021). End-of-life
or second-life options for retired electric
vehicle batteries. Cell Rep. Phys. Sci. 2, 100537.

. Kamath, D., Shukla, S., Arsenault, R., Kim, H.C.,

and Anctil, A. (2020). Evaluating the cost and
carbon footprint of second-life electric vehicle
batteries in residential and utility-level
applications. Waste Manag. 113, 497-507.

. Shokrzadeh, S., and Bibeau, E. (2016).

Sustainable integration of intermittent
renewable energy and electrified light-duty
transportation through repurposing batteries
of plug-in electric vehicles. Energy 106,
701-711.

. Aziz, M., Oda, T., and Kashiwagi, T. (2015).

Extended utilization of electric vehicles and
their Re-used batteries to support the building
energy management system. Energy Proc. 75,
1938-1943.

. Ahmadi, L., Yip, A., Fowler, M., Young, S.B., and

Fraser, R.A. (2014). Environmental feasibility of
re-use of electric vehicle batteries. Sustain.
Energy Technol. Assessments 6, 64-74.

International Energy Agency (2020). World
energy outlook. https://www.iea.org/reports/
world-energy-outlook-2020.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

¢? CellPress

OPEN ACCESS

International Energy Agency (2021). Global EV
Outlook. https://www.iea.org/reports/global-
ev-outlook-2021/prospects-for-electric-
vehicle-deployment.

BloombergNEF (2022). BNEF EVO Report 2020
| BloombergNEF | Bloomberg Finance LP.
https://about.bnef.com/electric-vehicle-
outlook-2020/.

EV Database (2022). Alle Fahrzeuge. https://ev-
database.de.

Kraftfahrt-Bundesamt (2022). Statistik -
Neuzulassungen von Personenkraftwagen
nach Marken und Modellreihen. https://www.
kba.de/DE/Statistik/Produktkatalog/
produkte/Fahrzeuge/fz10/f210_gentab.html.

Figgener, J., Hecht, C., Haberschusz, D., Bors,
J., Spreuer, K.G., Kairies, K.-P., Stenzel, P., and
Sauer, D.U. (2022). The development of battery
storage systems in Germany: a market review
(status 2022).

International Energy Agency (2021). The role of
critical minerals in clean energy transitions.
https://www.iea.org/reports/the-role-of-
critical-minerals-in-clean-energy-transitions.

International Renewable Energy Agency (2017).
Electricity storage and renewables: Costs and
markets to 2030. https://www.irena.org/
publications/2017/oct/electricity-storage-and-
renewables-costs-and-markets.

Eigner, M., and Stelzer, R.H. (2009). Product-
lifecycle-Management. Ein Leitfaden fur
product development und Life-cycle-
Management (Springer).

Kreimeyer, M., Seidenschwarz, W., and
Rehfeld, M. (2021). Produktplanung. In Pahl/
Beitz Konstruktionslehre. Methoden und
Anwendung erfolgreicher Produktentwicklung,
B. Bender and K. Gericke, eds. (Springer Berlin
Heidelberg), pp. 97-135.

Kampker, A., Heimes, H.H., Offermanns, C.,
Kreiskéther, K., Kwade, A., Doose, S., Ahuis, M.,
Michalowski, P., Michaelis, S., Rahimzei, E.,

et al. (2021). Recycling von Lithium-lonen-
Batterien (Frankfurt am Main).

Nigl, T., Rutrecht, B., Altendorfer, M.,
Scherhaufer, S., Meyer, I., Sommer, M., and
Beigl, P. (2021). Lithium-lonen-Batterien —
kreislaufwirtschaftliche Herausforderungen am
Ende des Lebenszyklus und im Recycling. Berg.
Huettenmaenn. Monatsh. 166, 144-149.

Cell Reports Physical Science 3, 101095, October 19, 2022 17


https://www.iea.org/commentaries/electric-cars-fend-off-supply-challenges-to-more-than-double-global-sales
https://www.iea.org/commentaries/electric-cars-fend-off-supply-challenges-to-more-than-double-global-sales
https://www.iea.org/commentaries/electric-cars-fend-off-supply-challenges-to-more-than-double-global-sales
https://www.iea.org/commentaries/electric-cars-fend-off-supply-challenges-to-more-than-double-global-sales
https://insideevs.com/news/330848/bloomberg-new-energy-finance-95-gwh-of-ev-batteries-to-be-extracted-from-cars-by-2025/
https://insideevs.com/news/330848/bloomberg-new-energy-finance-95-gwh-of-ev-batteries-to-be-extracted-from-cars-by-2025/
https://insideevs.com/news/330848/bloomberg-new-energy-finance-95-gwh-of-ev-batteries-to-be-extracted-from-cars-by-2025/
https://insideevs.com/news/330848/bloomberg-new-energy-finance-95-gwh-of-ev-batteries-to-be-extracted-from-cars-by-2025/
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref3
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref3
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref3
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref3
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref3
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref4
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref4
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref4
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref4
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref4
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref4
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref5
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref5
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref5
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref5
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref5
https://irena.org/publications/2022/mar/world-energy-transitions-outlook-2022
https://irena.org/publications/2022/mar/world-energy-transitions-outlook-2022
https://irena.org/-/media/Files/IRENA/Agency/Technical-Papers/IRENA_Critical_Materials_2021.pdf
https://irena.org/-/media/Files/IRENA/Agency/Technical-Papers/IRENA_Critical_Materials_2021.pdf
https://irena.org/-/media/Files/IRENA/Agency/Technical-Papers/IRENA_Critical_Materials_2021.pdf
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref8
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref8
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref8
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref8
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref8
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref9
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref9
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref9
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref9
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref9
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref10
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref10
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref10
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref10
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref11
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref11
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref11
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref11
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref12
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref12
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref12
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref12
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref12
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref12
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref12
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref12
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref13
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref13
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref13
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref13
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref13
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref14
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref14
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref14
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref14
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref14
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref15
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref15
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref15
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref15
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref15
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref16
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref16
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref16
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref16
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref16
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref17
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref17
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref17
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref17
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref17
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref17
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref18
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref18
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref18
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref18
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref18
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref19
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref19
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref19
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref19
https://www.iea.org/reports/world-energy-outlook-2020
https://www.iea.org/reports/world-energy-outlook-2020
https://www.iea.org/reports/global-ev-outlook-2021/prospects-for-electric-vehicle-deployment
https://www.iea.org/reports/global-ev-outlook-2021/prospects-for-electric-vehicle-deployment
https://www.iea.org/reports/global-ev-outlook-2021/prospects-for-electric-vehicle-deployment
https://about.bnef.com/electric-vehicle-outlook-2020/
https://about.bnef.com/electric-vehicle-outlook-2020/
https://ev-database.de
https://ev-database.de
https://www.kba.de/DE/Statistik/Produktkatalog/produkte/Fahrzeuge/fz10/fz10_gentab.html
https://www.kba.de/DE/Statistik/Produktkatalog/produkte/Fahrzeuge/fz10/fz10_gentab.html
https://www.kba.de/DE/Statistik/Produktkatalog/produkte/Fahrzeuge/fz10/fz10_gentab.html
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref25
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref25
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref25
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref25
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref25
https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions
https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions
https://www.irena.org/publications/2017/oct/electricity-storage-and-renewables-costs-and-markets
https://www.irena.org/publications/2017/oct/electricity-storage-and-renewables-costs-and-markets
https://www.irena.org/publications/2017/oct/electricity-storage-and-renewables-costs-and-markets
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref28
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref28
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref28
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref28
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref29
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref29
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref29
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref29
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref29
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref29
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref30
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref30
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref30
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref30
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref30
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref31
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref31
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref31
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref31
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref31
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref31

Please cite this article in press as: Bémer et al., Challenges of second-life concepts for retired electric vehicle batteries, Cell Reports Physical
Science (2022), https://doi.org/10.1016/j.xcrp.2022.101095

¢? CellPress

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

-
©

OPEN ACCESS

. Han, X, Lu, L., Zheng, Y., Feng, X,, Li, Z,, Li, J.,
and Ouyang, M. (2019). A review on the key
issues of the lithium ion battery degradation
among the whole life cycle. eTransportation 1,
100005.

Boérner, M., Friesen, A., Griitzke, M., Stenzel,
Y.P., Brunklaus, G., Haetge, J., Nowak, S.,
Schappacher, F.M., and Winter, M. (2017).
Correlation of aging and thermal stability of
commercial 18650-type lithium ion batteries.
J. Power Sources 342, 382-392.

Xiong, R., Pan, Y., Shen, W., Li, H., and Sun, F.
(2020). Lithium-ion battery aging mechanisms
and diagnosis method for automotive
applications: recent advances and
perspectives. Renew. Sustain. Energy Rev. 137,
110048.

Kampker, A., Heimes, H.H., Ordung, M.,
Lienemann, C., Hollah, A., and Sarovic, N.
(2016). Evaluation of a remanufacturing for
lithium ion batteries from electric cars. Int. J.
Mech. Mechatron. Eng. 10, 1929-1935.

Becker, J., Beverungen, D., Winter, M., and
Menne, S. (2019). Umwidmung und
Weiterverwendung von Traktionsbatterien.
Szenarien, Dienstleistungen und
Entscheidungsunterstiitzung (Springer
Fachmedien Wiesbaden; Springer Vieweg).

Johnson, M.R., and McCarthy, I.P. (2014).
Product recovery decisions within the context
of extended producer responsibility. J. Eng.
Technol. Manag. 34, 9-28.

Kampker, A., Wessel, S., Fiedler, F., and
Maltoni, F. (2021). Battery pack
remanufacturing process up to cell level with
sorting and repurposing of battery cells. Jnl.
Remanufactur. 11, 1-23.

Kampker, A., Triebs, J., Hollah, A., and Unruh,
A. (2020). Remanufacturing of electric vehicles:
challenges in production management.
MATEC Web Conf. 312, 02012.

Rallo, H., Canals Casals, L., De La Torre, D.,
Reinhardt, R., Marchante, C., and Amante, B.
(2020). Lithium-ion battery 2nd life used as a
stationary energy storage system: ageing and
economic analysis in two real cases. J. Clean.
Prod. 272, 122584.

White, C., Thompson, B., and Swan, L.G. (2020).
Repurposed electric vehicle battery
performance in second-life electricity grid
frequency regulation service. J. Energy Storage
28, 101278.

Martinez-Laserna, E., Gandiaga, |., Sarasketa-
Zabala, E., Badeda, J., Stroe, D.-I.,
Swierczynski, M., and Goikoetxea, A. (2018).
Battery second life: hype, hope or reality? A
critical review of the state of the art. Renew.
Sustain. Energy Rev. 93, 701-718.

Hossain, E., Murtaugh, D., Mody, J., Farugue,
H.M.R., Hagque Sunny, M.S., and Mohammad,
N. (2019). A comprehensive review on second-
life batteries: current state, manufacturing
considerations, applications, impacts, barriers
& potential solutions, business strategies, and
policies. IEEE Access 7, 73215-73252.

Kairies, K.-P., Figgener, J., Haberschusz, D.,
Wessels, O., Tepe, B., and Sauer, D.U. (2019).
Market and technology development of PV
home storage systems in Germany. J. Energy
Storage 23, 416-424.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Figgener, J., Haberschusz, D., Kairies, K.-P.,
Wessels, O., Tepe, B., and Sauer, D.U. (2018).
Wissenschaftliches Mess- und
Evaluierungsprogramm Solarstromspeicher
2.0. Jahresbericht 2018 (Aachen).

Angenendt, G., Zurmuhlen, S., Mir-Montazeri,
R., Magnor, D., and Sauer, D.U. (2016).
Enhancing battery lifetime in PV battery home
storage system using forecast based operating
strategies. Energy Proc. 99, 80-88.

Lee, JW., Haram, M.H.S.M., Ramasamy, G.,
Thiagarajah, S.P., Ngu, E.E., Lee, Y.H., and Lee,
Y.H. (2021). Technical feasibility and economics
of repurposed electric vehicles batteries for
power peak shaving. J. Energy Storage 40,
102752.

The International Association of Fire Services
(2021). Accident analysis of the Beijing lithium
battery explosion which killed two firefighters.
https://www.ctif.org/news/accident-analysis-
beijing-lithium-battery-explosion-which-killed-
two-firefighters.

Hill, D.M. (2020). McMicken Battery Energy
Storage System Event -Technical Analysis and
Recommendations.

Ji-hyoung, S. (2022). Korea to tighten measures
for ESS safety as batteries catch fire. http://
www.koreaherald.com/view.php?
ud=20220503000645.

Sjofartsdirektoratet (2022). Battery fire with
subsequent gas explosion - Norwegian
Maritime Authority. https://www.sdir.no/en/
shipping/legislation/directives/battery-fire-
with-subsequent-gas-explosion/.

Samsung (2017). Galaxy Note7: what we
discovered. https://news.samsung.com/
global/infographic-galaxy-note7-what-we-
discovered.

Chen, Y., Kang, Y., Zhao, Y., Wang, L., Liu, J., Li,
Y., Liang, Z., He, X., Li, X., Tavajohi, N., and Li, B.
(2021). A review of lithium-ion battery safety
concerns: the issues, strategies, and testing
standards. J. Energy Chem. 59, 83-99.

Edwards, J. (2016). How much sales and
revenue the exploding Galaxy Note 7 cost
Samsung. https://www.businessinsider.com/
sales-revenue-exploding-galaxy-note-7-cost-
samsung-2016-10.

Christensen, P.A., Anderson, P.A., Harper,
G.D., Lambert, S.M., Mrozik, W., Rajaeifar,
M.A., Wise, M.S., and Heidrich, O. (2021). Risk
management over the life cycle of lithium-ion
batteries in electric vehicles. Renew. Sustain.
Energy Rev. 148, 111240.

Laurie Florence (2021). UL 1974 - Creating a
Safe Second Life for Electric Vehicle Batteries.

International Electrotechnical Commission
(2022). IEC - TC 120 Dashboard. https://www.iec.
ch/dyn/www/f?p=103:38:515648319716228::::
FSP_ORG_ID,FSP_APEX_PAGE,FSP_
PROJECT_ID:9463,23,104122.

Gifford, S., and Lee, R. (2020). The importance
of coherent regulatory and policy strategies for
the recycling of EV batteries. https://faraday.
ac.uk/wp-content/uploads/2020/09/
Faraday_Insights_9_FINAL.pdf.

Cell Reports Physical Science 3, 101095, October 19, 2022

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Cell Re[_)orts .
Physical Science

Pagliaro, M., and Meneguzzo, F. (2019). Lithium
battery reusing and recycling: a circular
economy insight. Heliyon 5, e01866.

EV Database (2022). Nissan Leaf 24 kWh.
https://ev-database.de/pkw/1011/Nissan-
Leaf-24-kWh.

EV Database (2022). BMW i3 60 Ah. https://ev-
database.de/pkw/1004/BMW-i3-60-Ah.

Saxena, S., Le Floch, C., MacDonald, J., and
Moura, S. (2015). Quantifying EV battery end-
of-life through analysis of travel needs with
vehicle powertrain models. J. Power Sources
282, 265-276.

Kraftfahrt-Bundesamt (2021).
Fahrzeugzulassungen (FZ), Bestand an
Kraftfahrzeugen und Kraftfahrzeuganhangern
nach Fahrzeugalter, 1. Januar 2021, FZ 15.
(Flensburg).

Wassiliadis, N., Steinstrater, M., Schreiber, M.,
Rosner, P., Nicoletti, L., Schmid, F., Ank, M.,
Teichert, O., Wildfeuer, L., Schneider, J., et al.
(2022). Quantifying the state of the art of
electric powertrains in battery electric vehicles:
range, efficiency, and lifetime from component
to system level of the Volkswagen ID.
eTransportation 3, 100167.

Next.e.GO Mobile SE (2022). e.GO Mobile
kiindigt die Einfiihrung einer intelligenten
Batterietauschlésung an. https://e-go-mobile.
com/de/newsroom/61.

EV Database (2016). Volkswagen e-Up! https://
ev-database.de/pkw/1081/Volkswagen-e-Up.

EV Database (2020). Dacia Spring Electric.
https://ev-database.de/pkw/1319/Dacia-
Spring-Electric.

Rogge, M., van der Hurk, E., Larsen, A., and
Sauer, D.U. (2018). Electric bus fleet size and
mix problem with optimization of charging
infrastructure. Appl. Energy 211, 282-295.

Rogge, M., Wollny, S., and Sauer, D. (2015).
Fast charging battery buses for the
electrification of urban public transport—a
feasibility study focusing on charging
infrastructure and energy storage
requirements. Energies 8, 4587-4606.

Nykvist, B., and Olsson, O. (2021). The
feasibility of heavy battery electric trucks. Joule
5,901-913.

Hu, X., Yuan, H., Zou, C., Li, Z,, and Zhang, L.
(2018). Co-estimation of state of charge and
state of health for lithium-ion batteries based
on fractional-order calculus. |[EEE Trans. Veh.
Technol. 67, 10319-10329.

Wang, Z., Feng, G., Zhen, D., Gu, F., and Ball, A.
(2021). A review on online state of charge and
state of health estimation for lithium-ion
batteries in electric vehicles. Energy Rep. 7,
5141-5161.

Hannan, M.A., Lipu, M., Hussain, A., and
Mohamed, A. (2017). A review of lithium-ion
battery state of charge estimation and
management system in electric vehicle
applications: challenges and
recommendations. Renew. Sustain. Energy
Rev. 78, 834-854.

You, H., Zhu, J., Wang, X., Jiang, B., Sun, H., Liu,
X., Wei, X., Han, G., Ding, S., Yu, H., et al. (2022).


http://refhub.elsevier.com/S2666-3864(22)00397-6/sref32
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref32
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref32
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref32
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref32
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref33
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref33
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref33
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref33
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref33
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref33
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref34
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref34
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref34
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref34
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref34
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref34
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref35
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref35
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref35
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref35
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref35
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref36
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref36
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref36
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref36
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref36
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref36
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref37
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref37
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref37
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref37
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref38
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref38
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref38
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref38
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref38
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref39
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref39
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref39
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref39
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref40
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref40
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref40
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref40
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref40
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref40
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref41
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref41
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref41
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref41
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref41
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref42
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref42
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref42
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref42
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref42
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref42
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref43
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref43
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref43
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref43
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref43
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref43
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref43
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref44
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref44
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref44
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref44
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref44
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref45
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref45
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref45
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref45
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref45
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref46
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref46
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref46
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref46
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref46
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref47
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref47
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref47
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref47
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref47
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref47
https://www.ctif.org/news/accident-analysis-beijing-lithium-battery-explosion-which-killed-two-firefighters
https://www.ctif.org/news/accident-analysis-beijing-lithium-battery-explosion-which-killed-two-firefighters
https://www.ctif.org/news/accident-analysis-beijing-lithium-battery-explosion-which-killed-two-firefighters
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref49
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref49
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref49
http://www.koreaherald.com/view.php?ud=20220503000645
http://www.koreaherald.com/view.php?ud=20220503000645
http://www.koreaherald.com/view.php?ud=20220503000645
https://www.sdir.no/en/shipping/legislation/directives/battery-fire-with-subsequent-gas-explosion/
https://www.sdir.no/en/shipping/legislation/directives/battery-fire-with-subsequent-gas-explosion/
https://www.sdir.no/en/shipping/legislation/directives/battery-fire-with-subsequent-gas-explosion/
https://news.samsung.com/global/infographic-galaxy-note7-what-we-discovered
https://news.samsung.com/global/infographic-galaxy-note7-what-we-discovered
https://news.samsung.com/global/infographic-galaxy-note7-what-we-discovered
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref53
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref53
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref53
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref53
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref53
https://www.businessinsider.com/sales-revenue-exploding-galaxy-note-7-cost-samsung-2016-10
https://www.businessinsider.com/sales-revenue-exploding-galaxy-note-7-cost-samsung-2016-10
https://www.businessinsider.com/sales-revenue-exploding-galaxy-note-7-cost-samsung-2016-10
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref55
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref55
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref55
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref55
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref55
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref55
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref56
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref56
https://www.iec.ch/dyn/www/f?p=103:38:515648319716228::::FSP_ORG_ID,FSP_APEX_PAGE,FSP_PROJECT_ID:9463,23,104122
https://www.iec.ch/dyn/www/f?p=103:38:515648319716228::::FSP_ORG_ID,FSP_APEX_PAGE,FSP_PROJECT_ID:9463,23,104122
https://www.iec.ch/dyn/www/f?p=103:38:515648319716228::::FSP_ORG_ID,FSP_APEX_PAGE,FSP_PROJECT_ID:9463,23,104122
https://www.iec.ch/dyn/www/f?p=103:38:515648319716228::::FSP_ORG_ID,FSP_APEX_PAGE,FSP_PROJECT_ID:9463,23,104122
https://faraday.ac.uk/wp-content/uploads/2020/09/Faraday_Insights_9_FINAL.pdf
https://faraday.ac.uk/wp-content/uploads/2020/09/Faraday_Insights_9_FINAL.pdf
https://faraday.ac.uk/wp-content/uploads/2020/09/Faraday_Insights_9_FINAL.pdf
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref59
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref59
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref59
https://ev-database.de/pkw/1011/Nissan-Leaf-24-kWh
https://ev-database.de/pkw/1011/Nissan-Leaf-24-kWh
https://ev-database.de/pkw/1004/BMW-i3-60-Ah
https://ev-database.de/pkw/1004/BMW-i3-60-Ah
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref62
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref62
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref62
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref62
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref62
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref63
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref63
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref63
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref63
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref63
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref64
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref64
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref64
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref64
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref64
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref64
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref64
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref64
https://e-go-mobile.com/de/newsroom/61
https://e-go-mobile.com/de/newsroom/61
https://ev-database.de/pkw/1081/Volkswagen-e-Up
https://ev-database.de/pkw/1081/Volkswagen-e-Up
https://ev-database.de/pkw/1319/Dacia-Spring-Electric
https://ev-database.de/pkw/1319/Dacia-Spring-Electric
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref68
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref68
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref68
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref68
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref69
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref69
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref69
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref69
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref69
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref69
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref70
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref70
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref70
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref71
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref71
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref71
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref71
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref71
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref72
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref72
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref72
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref72
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref72
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref73
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref73
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref73
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref73
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref73
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref73
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref73
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref74
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref74

Please cite this article in press as: Bémer et al., Challenges of second-life concepts for retired electric vehicle batteries, Cell Reports Physical
Science (2022), https://doi.org/10.1016/j.xcrp.2022.101095

Cell Rep_)orts .
Physical Science

75.

76.

77.

78.

79.

80.

Nonlinear health evaluation for lithium-ion
battery within full-lifespan. J. Energy Chem. 72,
333-341.

Li, W., Sengupta, N., Dechent, P., Howey, D.,
Annaswamy, A., and Sauer, D.U. (2021). Online
capacity estimation of lithium-ion batteries
with deep long short-term memory networks.
J. Power Sources 482, 228863.

Hu, X., Xu, L., Lin, X., and Pecht, M. (2020).
Battery lifetime prognostics. Joule 4, 310-346.

Nuhic, A., Terzimehic, T., Soczka-Guth, T,
Buchholz, M., and Dietmayer, K. (2013). Health
diagnosis and remaining useful life prognostics
of lithium-ion batteries using data-driven
methods. J. Power Sources 239, 680-688.

Li, W., Sengupta, N., Dechent, P., Howey, D.,
Annaswamy, A., and Sauer, D.U. (2021). One-
shot battery degradation trajectory prediction
with deep learning. J. Power Sources 506,
230024.

Li, W., Rentemeister, M., Badeda, J., J&st, D.,
Schulte, D., and Sauer, D.U. (2020). Digital twin
for battery systems: cloud battery
management system with online state-of-
charge and state-of-health estimation.

J. Energy Storage 30, 101557.

The European Commission. Proposal for a
regulation of the European Parliament and of
the council concerning batteries and waste
batteries, repealing Directive 2006/66/EC and
amending Regulation (EU) No 2019/1020.

81.

82.

83.

84.

85.

86.

87.

88.

Beck, D., Dechent, P., Junker, M., Sauer, D.U.,
and Dubarry, M. (2021). Inhomogeneities and
cell-to-cell variations in lithium-ion batteries, a
review. Energies 14, 3276.

Eigner, M., Roubanov, D., and Zafirov, R. (2014).
Modellbasierte Virtuelle Produktentwicklung
(Springer).

Eigner, M. (2021). System Lifecycle
Management. Digitalisierung des Engineering
(Springer Vieweg).

INCOSE (2022). International Council on
Systems Engineering Website. https://www.
incose.org/.

Eigner, M., Dickopf, T., Schulte, T., and
Schneider, M. (2015). mecPro2-Entwurf einer
Beschreibungssystematik zur Entwicklung
cybertronischer Systeme mit SysML. Tag des
Systems Engineering (Hanser), pp. 163-172.
Miinchen, S.

Weilkiens, T. (2016). SYSMOD - the systems
modeling toolbox. Pragmatic MBSE with
SysML (Fredesdorf: MBSE4U).

Moeser, G., Grundel, M., Weilkiens, T.,
Kimpel, S., Kramer, C., and Albers, A. (2016).
Modellbasierter mechanischer
Konzeptentwurf. Ergebnisse des FAS4M-
Projektes (Tag des Systems Engineering),

p. 419.

Moeser, G., Kramer, C., Grundel, M., Neubert,
M., Kiimpel, S., Scheithauer, A, Kleiner, S., and
Albers, A. (2015). Fortschrittsbericht zur
modellbasierten Unterstiitzung der

89.

90.

91.

92.

93.

¢? CellPress

OPEN ACCESS

Konstrukteurstatigkeit durch FAS4M. Tag des
Systems Engineering, 69-78.

Jacobs, G., Konrad, C., Berroth, J., Zerwas, T.,
Hépfner, G., and Sputz, K. (2022). Function-
oriented model-based product development.
In Design Methodology for Future Products, D.
Krause and E. Heyden, eds. (Springer
International Publishing), pp. 243-263.

Zerwas, T., Jacobs, G., Spitz, K., Hépfner, G.,
Drave, |., Berroth, J., Guist, C., Konrad, C.,
Rumpe, B., and Kohl, J. (2021). Mechanical
concept development using principle solution
models. IOP Conf. Ser. Mater. Sci. Eng. 1097,
012001.

Drave, ., Rumpe, B., Wortmann, A., Berroth, J.,
Hoepfner, G., Jacobs, G., Spuetz, K., Zerwas,
T., Guist, C., and Kohl, J. (2020). Modeling
mechanical functional architectures in SysML.
In Proceedings of the 23rd ACM/IEEE
International Conference on Model Driven
Engineering Languages and Systems, E.
Syriani, ed. (Association for Computing
Machinery), pp. 79-89.

Splitz, K., Jacobs, G., Konrad, C., and Wyrwich,
C. (2021). Integration of production and cost
models in model-based product development.
Open J. Soc. Sci. 09, 53-64.

Spiitz, K., Berges, J., Jacobs, G., Berroth, J.,
and Konrad, C. (2022). Classification of
Simulation models for the model-based design
of plastic-metal hybrid joints. Procedia CIRP
109, 37-42.

Cell Reports Physical Science 3, 101095, October 19, 2022 19


http://refhub.elsevier.com/S2666-3864(22)00397-6/sref74
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref74
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref74
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref75
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref75
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref75
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref75
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref75
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref76
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref76
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref77
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref77
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref77
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref77
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref77
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref78
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref78
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref78
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref78
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref78
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref79
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref79
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref79
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref79
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref79
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref79
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref81
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref81
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref81
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref81
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref82
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref82
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref82
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref83
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref83
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref83
https://www.incose.org/
https://www.incose.org/
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref85
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref85
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref85
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref85
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref85
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref85
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref86
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref86
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref86
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref87
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref87
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref87
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref87
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref87
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref87
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref88
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref88
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref88
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref88
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref88
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref88
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref89
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref89
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref89
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref89
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref89
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref89
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref90
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref90
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref90
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref90
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref90
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref90
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref91
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref91
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref91
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref91
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref91
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref91
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref91
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref91
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref91
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref92
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref92
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref92
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref92
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref93
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref93
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref93
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref93
http://refhub.elsevier.com/S2666-3864(22)00397-6/sref93

	Challenges of second-life concepts for retired electric vehicle batteries
	Introduction
	Battery life cycle
	Challenges for second-life battery developers
	Critical operating requirements of second-life applications
	Requirements for home storage systems
	Requirements for industrial load leveling storage systems
	Mismatch of passenger vehicle requirements

	Safety and reliability requirements, warranties, and product liability
	Battery availability
	Batteries from crashed vehicles
	Batteries in very short-range small cars
	Batteries from commercial applications

	Diagnostic methods and open standards for battery management system integration
	Options for battery health estimation
	The EU battery passport proposal
	The second use of battery electronics


	Integrated development of multi-life battery systems
	Challenges of development processes for multi-life battery systems
	Using model-based systems engineering methods to optimize the first-life battery system regarding the second life

	Conclusions and outlook
	Acknowledgments
	flink6
	flink7
	flink8
	References


