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Abstract
Traditional remanufacturing is characterized by disassembly of a core up to an optimal
depth of disassembly and by the replacement of some parts in order to achieve the
specifications and reliability of the original product. Because of the product architecture
and the reliability characteristics of electric vehicle batteries, such an approach does not
recover the full residual value of battery cells. For batteries, a depth of disassembly up to
cell level is necessary, but problematic because of inconvenient battery design features.
Hence, an alternative framework will be presented, where each of the battery cells and the
battery system key components are considered a core in itself, and the value of a
remanufactured battery module depends on the combination of its cells. The product
architecture and component requirements will be explained for batteries made of the three
most common cell types used in the automotive industry. In addition, three solutions will
be presented for the implementation of the proposed framework for remanufacturing
regarding both product design and key aspects of the process chain, such as laser cutting
and laser welding of battery cells.

Keywords Remanufacturingofbatterypacks .Remanufacturingofbatterymodules . Sortingand
repurposing of battery cells . Electric vehicles batteries lifecycle . Battery cells . Laser welding .

Laser cutting

Introduction

The focus of remanufacturing, defined as “the rebuilding of a product to specifications of the
original manufactured product using a combination of reused, repaired and new parts” [16], is
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the recovery of a whole product and the prolonging of its useful lifetime with minimal
additional cost [36]. An additional outcome of the remanufacturing process is its limited
environmental impact [20], because of the limited input of new materials and process energy
compared to the manufacturing of a new product [32]. In fact, most of the components of the
remanufactured product come from the original product and comparatively little energy needs
to be used for their inspection, preparation and reuse.

Such improvements in the material and energy efficiencies are welcomed by the European
directive 2008/98/EC on waste [3]. However, the possibilities of battery remanufacturing are
limited by the fact that the original manufacturers are responsible for the disposal of the
batteries by the directive 2006/66/EC [27], so they control the market of returning cores and
can impede core access to independent remanufacturers, especially on automotive batteries,
where the 2000/53/EC applies as well [1]. In this work, the control of returning batteries is
taken for granted, as it is the case for original equipment manufacturer (OEM). [33]

In order to reduce the effort for the remanufacturing process of most products, the core is
not always fully disassembled, but only up to an optimal depth [42], which is sufficient to
achieve desired reliability characteristics of the remanufactured product. This means that in
modular products, not all modules are at first disassembled and then inspected, but only the
ones, which, after an inspection of the assembled product, are considered subject to failure
likelihood in the next useful product lifetime. [34]

This work argues that, because of the product architecture and reliability characteristics of
EV batteries, the optimal depth of disassembly is up to the cell level, it provides a framework
of overhaul, sort and repurpose of battery cells, which differs from traditional remanufacturing
[19]. The proposed disassembly method is close to selective disassembly as proposed by [39],
with the difference that, in most current batteries, the selective removal of cells damages the
cells contacts. For this reason, the present work addresses the most widespread cells contacting
technology of welding and proposes a method for contacting and separating battery cells by
using laser welding and laser cutting, as well as designs for remanufacturing of batteries with
the most common cell types, which goes one-step further to current repurposing concepts. [5]

State of the art

The circular economy of batteries for electric vehicle is mostly based on repurposing of whole
battery packs, and recycling [5] but the industry interest in remanufacturing is growing,
together with the need to provide battery replacements for old car models at accessible price
[24]. Some independent remanufacturing companies already remanufacture batteries of hybrid
vehicles, mostly based on Nickel-metal hydride cell chemistry and not welded cell contacts.
Nissan already mass produces remanufactured Lithium-Ion batteries for its Leaf, which has a
special design with very small modules and bolted connections. Furthermore both Toyota and
Johnson Controls have registered process specific patents for remanufacturing of batteries [37,
40] and Tesla announced it will remanufacture the battery pack of the Model 3 at module level;
however there is currently no industrial application of remanufacturing up to cell level of
batteries with Li-Ion cell chemistry and welded cells, as the state of the art of the most current
EV models are. In fact, while the first electric car batteries were assembled in small volumes
and bolted connections where acceptable, the demands of high volume manufacturing for
stable and fast processes, as well as small and less variable contact resistance, are better met by
welding [6].

2 Journal of Remanufacturing (2021) 11:1–23



The potential to extend the lifetime of Li-Ion batteries and to restore the state of health
(abbreviated SOH) to almost 100% by exchanging a small number of cells has been demon-
strated in theory by simulating the reliability properties of battery cells and by virtually
replacing the worst aged cells of a battery pack [25]. The present work confronts the problem
of making that concept viable in practice, by addressing the issues which prevent an easy
disassembly of battery packs and reuse of cells.

The whole idea of cells sorting and repurposing is based on the concept that only few cells
are actually degraded when the battery reaches its end of life. The simulation by Mathew et Al.
[25] estimates that the replacement of 5–30% of the cells can bring a battery system at a state
of health (abbreviated SOH) > 95%. A simplified representation of these findings is in Fig. 1.

The Batteries do not fulfill all the criteria for products capable of being remanufactured [15]
and some challenges are still not solved [26].

The product architecture of automotive batteries is apparently mostly modular, as it is
characterized by some modules which are responsible for specific functions (such as battery
management, safety connection and disconnection, as well as cooling), and of several other
modules which contain the battery cells, responsible for storing energy. Most of the economic
value of the battery is in the cells and in some electronic components, whose recovery requires
high depth of disassembly. A schematic product architecture is shown in Fig. 2.

One of the purpose of modular design in the field of system reliability is to condense the
functions that have similar failure rates or maintenance intervals in a module, in order to
facilitate the replacement of the failed or worn components, by replacing the module, without
completely disassembling the product.

As it is possible to replace the energy storage modules of a battery, which are going to fail
first, this purpose is apparently fulfilled. As each modules fails (because of either reduced
capacity, increased resistance or other failure) when the weakest cells fail, the same feature
would be desirable among the cells of the same module, otherwise a module become useless

Mathew et Al. simulated the state of health of a battery system, where all the cells with SOH 
<85% would be replaced when the battery reaches SOH<80%. This proves that remanufacturing 

of batteries could restore the batteries to an almost “as new” state, with replacement of a 
relatively little number of cells.

Fig. 1 State of Health of a battery system with cells replacement Mathew et Al. simulated the state of health of a
battery system, where all the cells with SOH <85% would be replaced when the battery reaches SOH < 80%.
This proves that remanufacturing of batteries could restore the batteries to an almost “as new” state, with
replacement of a relatively little number of cells
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when most of its cells are still functional and will last longer. This can be seen by looking at
the Weibull distribution of the failure probability function for a single cell (assuming for
simplicity that all history dependent variables are fixed), and of an array of cells in parallel.

p xð Þ ¼ β
α � β

t � β−1
−t
α�β;where β > 2 ð1Þ

For n cells in series, the shape constant β stays constant but the scale factor decreases αn =α1
/ (n)(1 / β) compared to that of a single cell, as qualitatively shown in Fig. 3. This explains why
most of the cells are still functional when the battery has failed or does not satisfy its
requirements. Please note that the area under the curve represents a total failure probability
of one, as no cell has an infinite life.

EV Batteries have a modular structure, with electronics as well as many energy storage 
modules.

Electronics 

Box

Battery Pack
Housing and 

cooling 

Cell 1
BMS 

Slave

Energy storage module 1
Module housing

Cell contacting system

Cell 2 Cell 1
BMS 

Slave

Energy storage module 2
Module housing

Cell contacting system
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Fig. 2 Product architecture of a battery pack EV Batteries have a modular structure, with electronics as well as
many energy storage modules

Failure probability function of a battery system could be modelled as a Weibull distribution, if 
all the cells had the same history. Since this is not the case because every cell has a different 
capacity, it experiences a different Depth of Discharge during each cycle, which affects aging 
differently as well as the temperature inhomogeneity. These in in homogeneities increase the 

probability that the battery failure will be sooner, rather than later.

Failure probability function:
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Fig. 3 Failure probability function of a battery system Failure probability function of a battery system could be
modelled as a Weibull distribution, if all the cells had the same history. Since this is not the case because every
cell has a different capacity, it experiences a different Depth of Discharge during each cycle, which affects aging
differently as well as the temperature inhomogeneity. These in in homogeneities increase the probability that the
battery failure will be sooner, rather than later
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Additionally, each cell experiences a different load history: in fact the temperature inside
the battery pack is not homogenous, the cells with less capacity experience more depth of
discharge than the ones with more capacity. Moreover, when cells are in parallel, the cells with
less internal resistance experience more current, hence more heat generation, than the ones
with more internal resistance. Lehner pointed out in her experimental research how the
different positions within battery packs causes different aging. In general, these effects are
independent of the failure probability under homogenous conditions, so the failure probability
of the whole system increases furthermore, as likely the weakest cells will be loaded the most.
[23]

For these reasons, the replacement of failed energy storage modules of a battery pack solves
the problem of battery reliability only partially, that is it reduces the number of cells in series,
which can fail independently to the number of cells of each module. By dividing the cells of a
battery pack in modules which can be replaced, the expected life of a module can be longer
than the battery pack life by a factor 1 / (n/m)(1 / β), which makes a point for replacing failed
battery modules. This way the battery packs can be maintained according to a traditional
remanufacturing lifecycle, where modules are replaced, as long as these fulfill the requirements
of new modules. [35]

New ones would replace the modules, which do not fulfill the specifications of new ones,
and the remanufactured battery packs will fulfil the specifications of the original product.

Another important aspect is that the remanufacturing relies on the concept of End-of-Life
decision, whether cores or components can be reused or must be recycled based on the
comparison with new product specification or on the expected residual life [28]. In the case
of Lithium-Ion battery cells, this task is not easy and not completely solved yet, because they
are subject to several concurrent degradation mechanisms. [38]

These aging mechanisms have been widely researched under lab conditions [14], and
depend on the calendar life and on the use history of the battery cells [28], so the availability
of the battery use data would allow relatively accurate predictions on the battery degradation
[4]. Since at the moment such data are either not saved on electric vehicles batteries, or not
available to independent remanufacturers, the End-of-Life decision must be made only by
testing incoming cores as they are after the recovery.

Some methods to detect the progression of battery aging are available [4], but these
methods are not yet viable as End-of-Life decision tests for cells and modules, because of
the destructive nature of the necessary tests, or their long duration, which makes them hardly
scalable. Particularly difficult is the test of single cells before the module disassembly, where
only the presence of degraded cells in the module under load can be detected, but not the SOH
of the single cells. [11]

The aging properties of the cells affect the reliability of the whole battery system, which has
been studied statistically by Lehner [23].

Each battery module houses plenty of single battery cells, which are parallel or serial
connected by electrical cell connections [12]. Cell connections differ by the battery cell type,
how the electrodes are designed at the battery cell housing, and if additional connectors (bus
bars) are needed. Cylindrical battery cells have a negative and positive cell terminal on both
ends of the cylindrical form and are mainly made of steel. Prismatic battery cells have a
negative and positive cell terminal at the outside of the cell housing. Both cell terminals are
mainly made of aluminum and thus enables a similar cell connection with aluminum bus bars.
Pouch battery cells have two thin, flat, and long sheet electrodes, called cell tabs. The positive
electrode is mostly made of aluminum and the negative electrode is made of nickel plated
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copper. The cell tabs can be used to bridge the distance between battery cells and thus the
opportunity to connect battery cells without additional bus bars. [12, 24].

The aim of battery cell connection is to achieve the highest possible electrical conductivity
between battery cells by keeping the contact resistance between the joining partners as low as
possible. [31] Ideally, all joints of the cell connections should have a constant value in order to
prevent uneven loading of the battery cells during operation, especially with parallel connected
battery cells. [29] High priority is also given to the reliability of the cell connection over the
entire lifetime of the battery. The cell connectors must be able to safely withstand the dynamic
loads in the car. Brittle behavior of the connection must therefore be avoided. The already
heavy battery pack should not be made even heavier by additional elements, such as bus bars.
Therefore, a light connection without additional elements should be preferred. Moreover, the
available installation space should not be restricted too much by cell connection. [6, 12].

The cell contacting and thus connecting of battery cells represents a serious challenge in
battery systems and especially for the joining technology. Challenges for joining are caused by
the highly heat-conducting materials, such as aluminum or copper, which can result in
dissimilar joints, multilayer materials, and different thicknesses. Current research focuses on
the aspects of lightweight construction (mass of the connecting elements), production (pro-
duction time) and function (electrical resistance). [18]

According to DIN norm, joining is determined by a permanent connection of one or more
stable parts with a geometric shape with or without additional shapeless material for joining
[2]. Mechanical joining technologies, such as screwing and thermal joining technologies, such
as resistance welding, ultrasonic welding, and laser welding are particular used for battery cell
connection. [8, 22] Many cell connections are bolted, which have disadvantages in additional
weight and higher contact resistance, as well as high cost and long assembly time. Advantages
are the good demounting properties, standard technology, and the fact that no heat is
introduced during joining. Thermal joining processes realize a material-locking connection
with lower electrical contact resistance and their high connection quality over the service life
[8, 29, 30], as well as a fast process in the assembly line and high degree of automation.
Resistance welding has so far mainly been used for joining cylindrical battery cells. It is a fast
and easily automated process, but has weaknesses in the case of electrically and thermally
highly conductive aluminum and copper materials. Ultrasonic welding is very well suited for
pouch cells with dissimilar cell tabs due to low welding temperatures and easy automation.
However, disadvantages are seen in the limitation of the maximum possible joint thickness,
joint strength, and flexibility by both sided accessibility. Laser beam welding is considered the
optimal joining method for some applications in battery production, due to the high beam
intensity, high-precision beam control, and high process speed. Difficulties can occur on
dissimilar materials, such as aluminum with copper of bus bars and cell terminals. Dissimilar
joints tendency form intermetallic phases and can lead to embrittlement of the weld seam.
Moreover, there is still thermal impact on the surrounding parts and the joints are not
demountable. Qualified staff is needed for running a laser welding cell and the investment
costs are comparatively high. On the other hand laser beam welding offers great potential due
to good automation and high system availability. High process speed and multi-station
operation are possible, which benefits economic production and thus meets the growing
demand for efficient battery production. The fact that only one-sided accessibility is necessary
and that remote joining takes place without contact also have a positive effect on the cycle time
and possibilities in component design.
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The norm DIN8580 classifies separation technologies of manufacturing processes in
primary shaping, material forming, separating, joining, modifying material property and
coating. Regarding to the process for battery pack remanufacturing it is useful to focus on
the category of separating. Dividing through mechanical processes like shear cutting or
machining processes such as sawing are not effective to fulfill the expectations of cutting in
this context as a change in the shape implicates a redesign of cutting tools and thus causes high
costs and effort. [21]

The processes within the group of material removing are not based on mechanical core
principles either, but on thermal, chemical and electro-chemical material removing. [10]
Aiming for flexibility and automation in production these contactless processes are inevitable
for further investigation.

The contactless separation technology laser cutting is classified among the thermal material
removing, which enables a high automation due to the potential of high-speed operating, of
accuracy and its wear-free characteristics [15]. Another process type is remote laser cutting,
which works without the support of any gas in the cutting process and without direct contact to
the work piece. The cutting geometry can be adapted by programming and is able to cut
various meters per second [14]. Nevertheless, problems like heat dissipation caused by thermal
conductivity or suppressing of localized heating because of reflectivity of the material should
be considered. Furthermore, the laser cutting process depends highly both on the adequate
selection of the laser parameters and the work piece material properties [41].

To summarize, in order to economically remanufacture batteries, it requires design features
like the widespread use of electrical contacting technologies such as welding [9], as well as
joining technologies like gluing and the use of heat conductive paste. It is also necessary to
offer a guarantee on remanufactured batteries, which is translated into the necessity of
predicting the residual life of cells and set acceptance criteria on cells and modules for the
reuse in remanufactured batteries [5].

The most accurate End-of-Life decisions could be made on used single cells the single cells,
especially if use history data were available, so it is important to develop methods to
disassemble batteries up to cells level.

Methods

The present work first attempts to confirm the underlying hypothesis of the simulation Mathew
et al. about the fact that most cells of a used battery packs are indeed worth recovering. Then it
addresses the topic of separating welded cells without damaging them and without compromis-
ing the performance or the welding process.

On the basis of the results, it lays out a possible lifecycle for cells and presents designs
which make use of such joining methods.

Experimental confirmation of cells reliability

In order to confirm the underlying hypothesis to the simulation of Mathew and Kong, the cells
of the 18,650 type recovered from a module have been separated and tested by means of
cycling between safe voltage limits: the cells are 196 and are nominally rated between 2800
mAh 4.2 V and 2.7 V. The module has been taken from the battery of a StreetScooter vehicle
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has been used by Deutsche Post for six month, two deep cycles per day, six days per week
within the research project BatteReMan.

89% of the cells are still reusable, 9% have an insufficient capacity for reuse, and 2% have
some other kind of failures, such as unstable voltage, high internal resistance or cause errors in
the test equipment; it is possible that those cells have been damaged during the disassembly
process. A summary can be seen in Fig. 4

The capacity test has been carried out between 4 V and 2.8 V to fit the test into the available
time slot; because of this time constraint the constant voltage time has been limited to 5% of
the whole charging time, hence the shown capacities are lower than those of new cells. The
tests confirm qualitatively the assumption of Mathew and Kong. The distribution of the useful
capacities is in Fig. 5.

Of the still reusable cells, 68% are still probably useable for automotive applications, 16%
only for stationary applications, and 5% are probably not worth being reused, even if
technically are not failed.

Cutting of used battery cell contacts and battery module frames

As part of the remanufacturing process, the identified battery cells needs to be safely removed
from the battery module. This process step is crucial due to close process operation on the
battery cells and its potential danger of damaging. Several separation technologies can be
basically used with respect to the six manufacturing processes of DIN8580 norm. The
requirements of the cutting process are mainly determined by the battery cell and the battery
module design for remanufacturing. Impacts of the cutting process on the battery cell, such as
temperature at the cell housing, mechanical forces on the cell terminals, loosen parts of the cut
cell connection, burr formation at the cell terminal needs to be investigated. Besides this, the

Reusable 

cells

89%

Low 

capacity

9%

196 cells sample

Reusable cells

Low capacity

No continuity

High

resistance

Inconsistent

measurement

Most of the recovered cells from a battery module are still reusable. About 10% show either 
low capacity and cannot be charged to the nominal voltage because of aging, and a very small 

quantity of cells shows no continuity between positive and negative terminals, or unsteady 
measurement values. Probably these last group of cells have been either damaged during the 

disassembly process, or suffered severe failures in use. 

Fig. 4 Status of recovered cells from a module in the project BatteReMan. Most of the recovered cells from a
battery module are still reusable. About 10% show either low capacity and cannot be charged to the nominal
voltage because of aging, and a very small quantity of cells shows no continuity between positive and negative
terminals, or unsteady measurement values. Probably these last group of cells have been either damaged during
the disassembly process, or suffered severe failures in use
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cutting process needs to fulfill economic aspects and be suited for automating to series
production. Moreover, the cell connection must fit after the cutting process the requirements
for a subsequent joining of a new cell connection. This is especially crucial, if the cutting
process directly affecting the new joining area and therefore has additional requirements on the
cutting process. Remote laser beam cutting with and without additional cutting gas has been
used for the experiments. Design for remanufacturing can implement this requirement by
having two or more joining areas within the battery cell terminal, whereby the initial battery
production just use the first joining area. The same principle can be used for the battery module
housing.

Joining of battery cell contacts and battery module frames

Many joining technologies, such as resistance welding, laser welding, arc welding, and screw
connection are already in application for joining of battery cell contacts as well as battery
module frames. In comparison of these technologies, laser has a high potential for series
production due to its high process speed, only one side accessibility, and high local energy
density, which enables welding of different kinds of metal.

In this research, a disc laser with 4 kW laser power in combination with a programmable
focusing optic has been used for the experiments. The optic has a focal distance of 450 mm
and can move the laser spot with a velocity up to 1 m/s. For validating of the presented
remanufacturing concepts without danger, dummy battery cells have been used to produce
dummy battery modules for investigating the processes without danger. As part of the
methodology, all relevant laser parameters have been previously investigated and validated
by performing experiments on specimens. This enables to perform experiments with necessary
sensors and accessibility on a certain amount of specimens. The laser parameters under
investigations have been the laser power, laser speed, spot size, laser power, ramp functions,

The distribution of cells capacity confirms the assumptions of Mathew and Kong. In fact, most 
of the cells are still reusable, while a small part show accelerated aging. The capacities here are 
less than the nominal ones, as they were measured only between state of charges relevant to the 

automotive use, in this case between 4V and 3V.
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Fig. 5 Capacity distribution of cylindrical cells recovered in the BatteReMan project The distribution of cells
capacity confirms the assumptions of Mathew and Kong. In fact, most of the cells are still reusable, while a small
part show accelerated aging. The capacities here are less than the nominal ones, as they were measured only
between state of charges relevant to the automotive use, in this case between 4 V and 3 V
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and the laser welding seam geometry. Relevant measured data on the specimens are the
temperature at the battery cell transition, the maximum tensile force of the welding seam,
resistance of the welding seam, welding seam quality by visual testing, and cross-section of the
weld seam.

For performing experiments and producing active battery modules, a special safety device
is currently developed. The device is needed for the event of an unexpected thermal runaway,
where the battery module needs to be cooled down as fast as possible. Moreover, the device
can evacuate the toxic gas, collect as well as neutralize the electrolyte, reduce the risk of
secondary fires, and smoothly discharge the entire battery module.

Results

Overhaul of battery packs, Sort and repurpose of battery cells

Battery remanufacturing by the replacement of old, out of specifications battery
modules with new modules is not the best strategy to use the rest value of a used
battery pack. In fact, the new modules are expensive to buy, and the old modules,
which are likely to fail sooner, as they have a longer history of calendar and cyclical
aging, will probably determine the reliability of the remanufactured battery pack.
Ideally, the battery modules should be replaced by ones, which have a similar useful
life expectancy to the ones staying in the battery pack.

This is not possible, because each module has a different life expectancy, which is very
difficult to predict. Nevertheless, the modules can be individually tested by capacity measure-
ment, internal resistance and self-discharge current then accordingly classified. Therefore, it is
possible to build battery packs of homogeneous modules, thus optimizing reliability and
performance on one side and the value of the used modules.

Nevertheless, some modules can seem functional after a first, superficial, analysis, but
might have some cells, which show some signs of deteriorating fast, so it is important to
identify such cells. Here a diagnostic method to identify the modules with deteriorated cells is
needed. An electrochemical impedance spectroscopy performed on a module can be a first
method of screening for very evident deterioration signs of single cells, but its sensitivity
decreases with the total number of cells in series or in parallel in each module [11].

The majority of the modules with a few degraded cells could still have a high residual
value, if the cells could be recovered sorted and reused, hence the need to develop industrial
processes to recover such cells in a functioning state, to test and sort them, and to use them in
the same process chain which manufacture new batteries. This way, the uncertain number of
cells from returning batteries, could be used to manufacture new safe battery products, without
requiring extra investment and contributing to improving the assembly line capacity
utilization.

For this reasons the lifecycle of a battery system will be as in Fig. 6:

Design of Battery Modules for overhaul, Sort, and repurposing of battery cells

In order to achieve battery cells recovery from used modules, the following requirements on
the product design are necessary [17]:
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1. Cell connections or busbars with no higher electrical resistance than on state-of-the-art
batteries

2. The components must be assembled without glue, due to difficult separation
3. The parts which are lost in the disassembly process must be easily separated
4. The assembly process must be capable of being automatized
5. The disassembly process must be capable of being automatized
6. Danger of causing short circuits during the disassembly must be prevented
7. Safety concept in case of a thermal runaway of battery cells
8. Voltage and temperature sensors, as well as wiring harness, must be removed easily
9. Weight and packaging requirements must be comparable to state-of-the-art batteries

With respect to these requirements, battery designs have been developed, together with their
respective assembly and disassembly processes for each type of battery cells available for the
automotive use: prismatic, cylindrical, and pouch cell.

Design of Battery Module with prismatic battery cells

Based on a current widespread design of a battery module with PHEV2 standard prismatic
cells (dummies), a half-scale prototype shown in Fig. 7 has been developed, which fulfills the
same functions and product architecture. This way it has been possible to investigate the
remanufacturing process without danger.

The main difficulties of disassembly the mass produced battery module to cell level are:

1. Welded aluminum busbars between the battery cells
2. Welded side plates to the pressure plates, whose removal is dangerous for the cells
3. Isolation between cells and housing by means of a thermoformed and glued polyethylene

film, which is difficult to completely remove and clean
4. Very strong adhesive (probably cyanoacrylate) is used between the battery cells. In this

cases it is not possible to separate the cells (Not on the reference module, but on other
similar modules)

Block diagram of the proposed process for battery pack remanufacturing as well as overhaul, 
sort and repurposing of battery cells 

Fig. 6 Lifecycle of battery packs for the optimal use of cells residual value Block diagram of the proposed
process for battery pack remanufacturing as well as overhaul, sort and repurposing of battery cells
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In the disassembly of conventional modules, the welded module housing is destroyed, but it
can be cleaned and recycled as 6000 series Aluminum without being downcycled. New parts
can be easily built through cutting processes, such as stamping as well as laser cutting and
forming by deep drawing as well as sheet metal bending.

The isolation films must be replaced as well, which poses a minor problem on the stack
height tolerances, which affect the position of the module fixture holes, and the pressure of the
cells in the housing. For that reason, a welding jig is during reassembly used, which impose the
position of the pressure plates, and the stacking force is measured and checked by a dyna-
mometer. This force is to be expected higher than on the original module, because of battery
cell aging. Slightly thinner isolation films could compensate for that and make sure that the
cells experience the optimal pressure for aging in the remanufactured module [7].

The printed circuit board (abbreviated PCB) with all the voltage and temperature sensors, is
not represented in the pictures, and, at the moment, is not reused but replaced by a wiring
harness and thus represents a further field of research. A part from the possibility of a very
strong adhesive between the cells, the recovery of undamaged cells from such modules have
been proven possible.

Nevertheless some changes to the remanufactured modules have been implemented to
facilitate the remanufacturing operation:

1. The pressure plates have a slot besides the 1st weld seam for laser cutting the side plates
off. A new designated area for welding is besides the slot, which was before under the first
side plate. This is exemplified by laser cutting in Fig. 8.

2. The busbars of the determined battery cells from the first life modules are cut, which is
shown in Fig. 9.

3. Exchanging and sorting the battery cells for the 2nd life application
4. Welding of the busbars on top of 1st life busbars, with minimal increase in the module

height, as shown in Fig. 10.

Based on the conventional mass produced battery module (left side), a prototype battery module
(right side) has been derived for setting up the remanufacturing process

Fig. 7 Comparison between a conventional traction battery module and the BatteReMan demonstrator module
with prismatic battery cells Based on the conventional mass produced battery module (left side), a prototype
battery module (right side) has been derived for setting up the remanufacturing process
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5. The carrier of the wiring harness, or a new flex PCB has a different height, in order to
accommodate a wiring harness on a higher level because of the two busbars

Design of battery module with cylindrical cells

During the research project BatteReMan, sponsored by the European Regional Development
Fund, a battery module with cylindrical cells has been designed and disassembled for
remanufacturing.

Laser cutting beam

Welded seam 2st life

Welded seam 1st life

Pressure plate

Side plate

Laser cutting

Cutting slot

The side plates of the battery module frame have been cut close to the pressure plates to 
recover the cells. After replacing battery cells for 2nd life application, the same side plates are 

welded again with the same pressure plates at a different nearby welding area
Fig. 8 Laser cutting and design details for the battery module side plates The side plates of the battery module
frame have been cut close to the pressure plates to recover the cells. After replacing battery cells for 2nd life
application, the same side plates are welded again with the same pressure plates at a different nearby welding area

Laser cutting of busbars with process cutting gas. A tool is put under and between the busbars
to collect the molten metal and protect the cell housings. Protective gas cools down the busbars 

and the cells during the process, and removes debris from the module.
This module has been remanufactured already once, as two layers of busbars are visible.

Compressed air nozzle for 

removal of molten metal 

and cooling

Residual of 1st life busbar

2nd life busbar to be cut

Gas flow diverted from 

the cells

Terminal of prismatic cell

Laser weld seam

Fig. 9 Laser cutting for 2nd life busbar Laser cutting of busbars with process cutting gas. A tool is put under and
between the busbars to collect the molten metal and protect the cell housings. Protective gas cools down the
busbars and the cells during the process, and removes debris from the module. This module has been
remanufactured already once, as two layers of busbars are visible
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The main difficulties of disassembly the original product to cell level are:

1. Spot welded nickel plated steel cell connectors
2. Cell holders made of two parts, each of which fixes the current collectors by means of hot

pressed pins. Thus the removal of the current collectors destroys these elements
3. The orientation of the cells with two rows facing up with the plus terminals, and the two

next rows with the minus terminals facing up. This way the cell connectors can be flat, but
the drawbacks are:

a. Plus terminals facing other cells can facilitate the propagation of a thermal event
b. Inhomogeneous cooling because the minus terminal has an higher effective surface

for cooling
4. Connections between current collectors and busbars are glued with epoxy resin, to prevent

corrosion, among others

The cells could be recovered manually with a high percentage of success, as well as the lightly
glued gap pads and busbars, but both the current collectors and the plastic cell holder have
been destroyed. However, the destructive process was such that these components could be
recycled without contamination.

By the replacement of the destroyed components with new ones, it has been possible to
remanufacture the original module design; nevertheless, a specific design for remanufacture
has been proposed with the following features, shown in Fig. 11:

1. The nickel-plated cell connectors are designed for elastic deformation, so that they
compensate tolerances in the direction of cell axes. This is needed for cell contacting
and ensuring zero gap for laser welding. Moreover, they have gaps, which allow safe
venting, in case of thermal events. The cell joining has been made by laser welding
with multiple spots, in a favorable pattern for easier removal for later remanufacturing.

2. One single cell holder holds all cells for a parallel connection in a sub-module. Such sub
modules can be quickly exchanged allowing a very easy module remanufacturing at a

The cell connecting busbars are cut during disassembly by using laser beam; an isolating tool 
protects the cells from debris of molten metal and the laser beam. The surface of the busbars is 

then polished and a new busbar is welded on top. 

Laser cutting 

beam 1st life weld seam

2nd life weld seam

Cross section view of 1st life bus bar

Cross section view of 2nd life bus bar Prismatic cell 

terminal

Prismatic cell 

terminal

Protecting tool

Fig. 10 Laser cutting and welding for 2nd life busbars on top of 1st life busbars The cell connecting busbars are
cut during disassembly by using laser beam; an isolating tool protects the cells from debris of molten metal and
the laser beam. The surface of the busbars is then polished and a new busbar is welded on top
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lower depth of disassembly than the module, but higher than the cells. All the parallel-
connected cells can be seen by the BMS as one big cell, so these sub modules can be
easily diagnosed on line.

3. Each cell is oriented with the minus terminal in the same direction, where a cooling plate
can be placed, isolated from the terminal by a gap pad. The plus terminals can be isolated
by another gap pads against a cover, which has the function of evacuating venting gases
without propagating to adjacent cells, as shown in Fig. 12.

4. The same orientation of the cells implies that the sub-module connector must conduct
the current from the bottom of the first sub-module to the top side of the second sub-
module. This implies a slight weight and dimension increase. The sub-module con-
nectors are laser welded on the top side of a joining area and is furthermore designed
for laser cutting and laser welding for 2nd life application, as can be seen in Fig. 13.

This remanufacturing design has been proved to withstand at least three remanufacturing
processes on dummy cells because of the special design of the welded joints, as in Fig. 14.

In this way, the terminals of used cells can be cleaned and the remanufactured joints have
the same electrical resistance as the original ones because of many welded spots, and are very
good. Moreover, the use of many small welding spots limits significantly the heating of the
active materials inside the cells, in comparison with resistance spot welding. As the Fig. 15
shows, the electrical resistance decreases very slowly with the laser power, but the mechanical
resistance increases quite steeply up to a maximum. However, neither of the electrical and
mechanical optima can be reached, without increasing the cells temperature to dangerous

The module in the figure is divided in sub-modules, each of them contains as many parallel 
contacted cells as needed and has one voltage sensor. All the submodules are connected in series.

The cell collectors are kept in place by thermally conductive gap pads, which isolates from the 
cold plate on the negative terminal side.

Battery sub-module (26 pc. 18650 

cylindrical battery cells)

Battery module housing

Voltage sensors

Cell connector (nickel plated steel)

Battery module terminal

Thermally conductive gap pad

Sub-module connectors

Battery cooling plate

Fig. 11 Battery module architecture with clyindrical cells The module in the figure is divided in sub-modules,
each of them contains as many parallel contacted cells as needed and has one voltage sensor. All the submodules
are connected in series. The cell collectors are kept in place by thermally conductive gap pads, which isolates
from the cold plate on the negative terminal side
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levels, so the proposed approach aims at achieving a very good electrical resistance and a
sufficient mechanical resistance by optimizing the number of welding spots.

Because of the difficult measurement of the electrical resistance on production cells, the
quality assurance is made by destructive tests on samples on each production batch, and the
mechanical pulling force is measured as an indirect indicator of a good connection. Because of
the statistical dispersion between these two values, higher energies than needed are usually
employed. Hence the adoption of welded joints designed for remanufacturing is conditioned
by the development of better quality assurance methods, which do not rely on high pulling
force. Such development is to be expected, as non destructive tests need to be developed, and

Module cover

Channel to the venting valve

Thermally conductive gap pad

Sub-module housing

Sub-module connector

Cell connector with venting gap

18650 cylindrical battery cell

A plastic shaped cover closes the module on the positive side and limits propagation of a thermal 
runaway event in one of the cells. In fact, the hot gases coming from the positive terminal of one 

cells quickly melt the gap pad and diffuse through the channels, where they cool down by 
expansion, and are conveyed to the venting valve through the channels. Since the gases move on 

the top side of the gap pad, the propagation is limited. 
Fig. 12 Cover of the module architecture with cylindrical cells A plastic shaped cover closes the module on the
positive side and limits propagation of a thermal runaway event in one of the cells. In fact, the hot gases coming
from the positive terminal of one cells quickly melt the gap pad and diffuse through the channels, where they cool
down by expansion, and are conveyed to the venting valve through the channels. Since the gases move on the top
side of the gap pad, the propagation is limited

The sub-module connector from the negative side of a submodule is laser welded to the 
positive one of the next sub-module. The welded seam is accessible when the module is open, can 

be removed and welded again by means of special tooling.

Laser cutting beam

Cell connector

18650 cell of 1st sub-modul

Connector of 2nd sub-modul

18650 cell of 2nd sub-modul

Connector of 1st sub-modul

Thermal conductive gap pad

Weld seam of sub-modul connector

Fig. 13 Laser cutting and laser welding between two sub-modules The sub-module connector from the negative
side of a submodule is laser welded to the positive one of the next sub-module. The welded seam is accessible
when the module is open, can be removed and welded again by means of special tooling
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the limitation of cells temperature during welding is a development objective, independently of
remanufacturing.

Design of battery module with pouch cells

Designs with pouch cells are the most challenging for the cells recovery, in fact the pouch cells
have no stabile shape and are very delicate; the main obstacles to the non-destructive
disassembly of pouch cells modules are:

1. The cells are often glued to one another, to overcome the positioning difficulties and the
quite large tolerances of the cells, in particular their stacking.

2. Moreover, they are often glued to aluminum sheet metal parts, which convey the heat
from the cell surface to cold plates on the sides. Here thermal conductive pastes are very
widespread, and recovery of undamaged cells is almost impossible.

3. The welding of cell tabs, usually by ultrasonic or laser welding, poses a challenge to the
non-destructive separation, as the tabs are about 0.2–0.3 mm thick. They are either welded
one to another, or by intermediate busbars. In both cases, after the separation, the surface
is not suited anymore for a new joint, and the tabs are too short to be used again

In the LiVe-project, sponsored by the German Ministry of the Environment, a module for a
heavy-duty delivery truck has been proposed (Fig. 16), with the purpose to be easy to
manufacture and disassemble, as well as to provide the maximum useful life to its cells.

Specific design for remanufacturing has been proposed with the following features:

1. No glue has been used, instead the cells are positioned during the stacking by the cell
connection system, made by different cell frames. Moreover, the cell frames have the

Cell separation 

with special tool

Clean and flat surface for 

laser welding
Welding on used cells:

Detail of weld seam

The special joint shape is designed to overload one welding spot at a time, while the tool for 
the separation of the current collectors keeps the other ones in contact, thus preventing 

deformation of the cells terminal. The current collector are designed to compensate for tolerance 
and allow the tool to exert pressure on the welded joint.

Fig. 14 Separation of battery cells from sub-modules and detail of welding seam The special joint shape is
designed to overload one welding spot at a time, while the tool for the separation of the current collectors keeps
the other ones in contact, thus preventing deformation of the cells terminal. The current collector are designed to
compensate for tolerance and allow the tool to exert pressure on the welded joint
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function for the positioning of the cell tabs and bending them into a shape for laser
welding as well as remanufacturing. The cell frame give the stack height and the cells are
positioned on gap pads, which compensate the tolerances and adsorb the swelling due to
the state of charge, as well as to the cells aging. The cell cooling is mainly realized by the
cells tabs, which have a larger contact area to the cold plate as the one needed for cell
contacting only. [12] This prolongs cells life because of more temperature homogeneity in
the cells [13]

2. The extra length of the formed cell tabs allows them to be cut and still be long enough for
a second life contacting, using different cell frames, which is shown in Fig. 17. The cell
contacting frames have a groove to catch the molten metal ejected by the laser cutting
operation while remanufacturing.

This design has been proved to withstand remanufacturing on small scale demonstrator, and
it is currently being built and tested, as far as the effectiveness of the cooling system is
regarded.
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Increasing the average power of the pulsed laser, the electrical resistance decreases slowly, 
while  the required pulling force to separate the current collector increases steeply up to a 

maximum, after which the intermetallic phases make the joint more fragile. A power above 25 W 
causes an inacceptable increase in the cells temperature, while the region between the black and 

the yellow lines allows to separate the joints without damaging the cells, with a very good 
electrical resistance.

Fig. 15 Relation between electrical resistance, yield force, and laser power Increasing the average power of the
pulsed laser, the electrical resistance decreases slowly, while the required pulling force to separate the current
collector increases steeply up to a maximum, after which the intermetallic phases make the joint more fragile. A
power above 25 W causes an inacceptable increase in the cells temperature, while the region between the black
and the yellow lines allows to separate the joints without damaging the cells, with a very good electrical
resistance
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Discussion

The present work shows that the potential of battery remanufacturing can be only fully
harnessed if the batteries are disassembled up to single cells, which are then sorted by its
quality. This changes the perspective from the maintenance of a single core in a functioning
state corresponding to the original product specifications, to the best possible use of available
battery cells. This change of perspective opens new challenges for the traceability of incoming
cores and of their cells over multiple lifecycles, so that the single cells, are to be considered as
cores, around which the whole process of sorting, reusing and repurposing is tailored.

The testing procedures at cell level can be very long and require expensive equipment, so
some research is needed in reducing the testing time to achieve a meaningful sorting of the
cells. In particular, the feasibility of a two stage testing approach where the first inspection is at
module level, aimed at identifying the difference among single cells and the presence of fast
degradation mechanisms by impedance spectroscopy needs to be validated outside of labora-
tory conditions. [5]

The processes of laser welding of cells and separating cells by mechanical or laser cutting
means, as well as the handling of used cells, which might have incurred damage and thus lost
electrolyte, pose a huge safety question. One way that the proposed module designs fulfill the
requirement to be easy to both assemble and disassemble is that they have one side with cell

Module frame –
bracing element

End plate

BMS slave board

End plate

Battery cells

Compression pad

Cell contacting system

Sensors (voltage and 

temperature)

Gap pad

Module frame –
closing element

Cold plate –
top

Cold plate -

bottom

Cell frames

The module has tab cooling, in order to avoid thermally conductive paste on the cells surfaces 
and on the module walls: the heat is exchanged from the cell tabs to the cold plate through a gap 
pad. The cell tabs are formed by the plastic cell frames during cell stacking. In principle, all steps 

can be automated.

Fig. 16 Pouch battery module for the LiVe project truck The module has tab cooling, in order to avoid thermally
conductive paste on the cells surfaces and on the module walls: the heat is exchanged from the cell tabs to the
cold plate through a gap pad. The cell tabs are formed by the plastic cell frames during cell stacking. In principle,
all steps can be automated
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connectors, where mishandling by a human operator might accidentally cause a short circuit,
which would result in danger for workers and loss of equipment and long downtime. Likely,
the implementation of these remanufacturing processes at cell level makes only sense with a
high degree of automation, and opens new research questions for the fields of robotics and
human-robots-collaboration, such as the mapping of and working in a potentially dangerous
environment in an unknown state, such as a used battery. Moreover, some active safety
measure must be investigated to prevent the loss of expensive equipment in case of thermal
runaway or loss of electrolyte.

Each of the three proposed designs has advantages and disadvantages regarding the reuse of
cells: considering that the testing of every cell format takes the same time, cells with little
capacity such as round cells are the least valuable to be recovered; prismatic and pouch cells
are bigger, so inherently more valuable to be recovered. While pouch cells, and especially their
tabs, are more delicate to handle than prismatic ones, but both cells can be handled with current
technology.

Conclusions

The potential for remanufacturing of Lithium Ion batteries is very high, as most of the value of
battery packs can be technically recovered. This work shows that the batteries need to be
disassembled and tested up to cells level, in order to recover this potential value, and showed
some technical difficulties in such a disassembly operation. Examples on how to overcome

Cooling plate

1st Life

2nd Life

3rd Life

Laser cutting beam for remanufacturing

1st life laser weld seam

1st cell frame for saving cell tab length

2nd life cell frame for enlarging cell tab

3rd life cell frame

3rd Life laser weld seam

Busbar to connect 3rd life battery cells

Cutting slot

The plastic cell frames form the tabs during cell stacking. After the cut during disassembly, the 
tabs are shorter than initially. For 2nd and 3rd life application, life specific plastic cell frames need 

to be used to ensure enough overlapping weld seam space for cell welding. The third time the 
cells are repurposed, an additional busbar must be added, and the available surface for tab 

cooling is sufficient only for a low power application, which is compatible with the increase in 
internal resistance of used cells. 

Fig. 17 Pouch cell tab contacting systems at different stages of the lifecycle The plastic cell frames form the tabs
during cell stacking. After the cut during disassembly, the tabs are shorter than initially. For 2nd and 3rd life
application, life specific plastic cell frames need to be used to ensure enough overlapping weld seam space for
cell welding. The third time the cells are repurposed, an additional busbar must be added, and the available
surface for tab cooling is sufficient only for a low power application, which is compatible with the increase in
internal resistance of used cells
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these difficulties by implementing appropriate design for remanufacturing strategies have also
been proposed, hand have been shown not to be detrimental to any product requirement. Some
further research is needed in order to recover wiring harnesses and FlexPCBs, which are used
to measure cells voltages and temperature.

Nevertheless, their impact on remanufacturing cost must be estimated on the basis of
automatized production technologies, capable of scaling to industrially relevant quantities,
and the safety problems of operating a disassembly line must be solved. Further research is
needed to implement remanufacturing at reasonable costs for industrial applications, especially
in the fields of automation and tests on both incoming cores, as well on remanufactured
batteries.
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