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Abstract

The rising number of electric vehicles comes along with an increasing demand for Li-Ion batteries. As resources such as lithium
are valuable it is economically worthwhile to recycle EV batteries. One of the first steps of every battery recycling process is the
disassembly, which can be a quite time and cost consuming process and hence has to be planned properly. Using the battery of
the hybrid car Audi Q5 as a case study, a planning approach for the disassembly will be discussed in this paper. Therefore,
disassembly sequences will be derived from a priority matrix and a disassembly graph will be drawn up. Finally,
recommendations for the design of the disassembly system and work stations will be given.
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Lithium-Ion Batteries” [2]. In the follow-up project “Litho-
Rec II” it is planned to realize a recycling process on a pilot
scale [3]. The process chain of the planned recycling process
is depicted in Fig. 1. The first step of the recycling process is
the discharge of the batteries in order to reduce the potential
danger that comes along with the high voltage (up to 400 V)
of the batteries. After the discharge the batteries are dis-
assembled before they are subject to a coarse shredding.
Subsequently, the shredded material is separated of which one
part is treated or recycled and the other part is subject to a fine
crushing. After the fine crushing the materials are separated
once more before they are also treated or recycled. The
objective of the project by realizing this process is to gain
secondary raw materials that can be used for the production of
new batteries or other industrial products.

1. Introduction

Due to climate change and the associated climate policy of
the European Union the number of electric vehicles (EVs) in
European road traffic is currently increasing and it is
supposed to further increase for the medium-to-long term. For
example the German government is aimed at having more
than one million EVs by the year 2020 and even more than six
million EVs by the year 2030 on German roads [1]. However,
an increasing number of EVs also means an increasing
number of high voltage (HV) batteries in use and hence an
increasing number of end-of-life HV batteries. Most of these
batteries are lithium-ion batteries which contain valuable
materials like lithium and copper. Therefore, the recycling of
such batteries could be economically reasonable as already
proposed in the German project “LithoRec — Recycling of
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The focus of this paper will be on the second step of the
aforementioned process chain: the disassembly. For the
disassembly of complex products, a well-established research
topic, a number of planning approaches have been developed.
Eversheim, Hartmann and Linnhoff give a comprehensive
overview on this topic [4]. The planning approaches focus
either on the planning of the whole disassembly system, i.e.
the organization of the disassembly or the logistics such as
[5], [6], [7], [8] and [9] or on the planning and control of
disassembly sequences, such as [10], [11], [12], [13] and [14].
Other research activities concentrate on the development,
optimization and application of single elements for an
automated disassembly [15], [16]. Ciupek presents a planning
approach for a simulation based planning, with a high focus
on the integration of automated disassembly processes [17].

The disassembly of lithium-ion battery systems from
automotive applications is a complex and therefore time and
cost consuming process due to a wide variety of the battery
designs, flexible components like cables, and potential
dangers caused by high voltage and the chemicals contained
in the battery cells. All these factors have to be considered
when planning the disassembly process(es) and appropriate
work stations. The complexity of the disassembly process will
be demonstrated in this paper by using the example of the
battery system of the Audi Q5 Hybrid and the VW Jetta
Hybrid, respectively. Therefore in Section 2 this battery
system is presented. In Section 3 disassembly sequences for
such a system are derived. The achieved results will be used
to draw conclusions for the design of the battery system as
well as for the design of a disassembly system and its work
stations.
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Fig. 1: Recycling process chain for lithium-ion battery modules/stacks as
proposed in the project LithoRec IT

2. The Audi Q5 Hybrid battery system

This section gives a brief overview of the structure of
battery systems for traction applications. In a further step the
examined battery system of the Audi Q5 Hybrid will be
presented with its core specifications.

2.1. Structure of lithium-ion traction batteries

In general two different kinds of battery systems can be
distinguished. On the one hand there are large battery systems

for full electric vehicles and on the other hand there are hybrid
vehicle battery systems. Hybrid means in this context, that the
vehicle is powered by an electric engine using the energy
from the battery system, as well as powered by an internal
combustion engine. The general construction of both types is
similar.

battery system

battery pack cell  module line
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Fig. 2: General design of a traction battery system [18]

The battery cells are put together to modules/stacks and
connected with conductors. These stacks are then connected
to lines or directly to battery packs. Together with the
components for heating/cooling, the battery management
system and the display battery pack are placed in an insulated
casing and forms together with the power electronics, the
battery system. The schematic design of a battery system can
also be seen in Fig. 2.

2.2. Specifications of the Audi Q5 Hybrid battery system

Fig. 3: Schematic set-up of the Audi Q5 Hybrid battery system

The Audi Q5 Hybrid battery system is built by the Audi
AG within the Volkswagen Group. Therefore, an identically
constructed battery system is used in the Volkswagen Jetta
Hybrid. Fig. 3 shows schematically the set-up of the specific
battery system. The Audi Q5 Hybrid system mainly comprises
four battery modules, a battery management system (BMS)
and the necessary power electronics. Overall, the Q5 system is
dimensioned about 50 cm x 70 cm x 15 cm and weighs about
35 kg. The nominal capacity is SAh with a nominal voltage of
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266 V. The four battery modules/stacks contain 18 battery
cells each, which are connected in series. Each cell has a
nominal voltage of 3.7 V. The main parts of the Audi Q5
Hybrid battery system are shown in Fig. 4 and Fig. 5, where
the parts are labeled with a number later used for reference.

power electronics
cover(1)

powerelectronics (5)

systemcover(8) sidecovering(2) BMS (4)

Fig. 4: Main components of the Audi Q5 Hybrid battery system (part I)
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Fig. 5: Main components of the Audi Q5 Hybrid battery system (part II)
3. Disassembly analysis of the battery system

In this section the disassembly of the battery is described.
The methodology for the analysis and structuring of the
disassembly are briefly presented and subsequently directly
applied to the example of the Audi Q5 Hybrid battery system.
For the present study, a disassembly from the system level
down to the module/stack level is considered. Looking at an
industrial level of disassembling, it is neither economically
feasible nor required from an environmental perspective to
dismantle each and every part. Joint parts made from the same
materials need not to be separated as they are supplied to the
same material recycling process. The same applies to material
mixtures that are separated in a downstream step

mechanically. The main aim of the disassembly in this paper
is to obtain the modules/stacks from the battery system. The
disassembly is carried out completely manually with the help
of hand tools. The gained modules/stacks are then
mechanically crushed in a two step shredding process and the
various recyclable material fractions are procedurally
separated and conditioned for further treatment and recycling
steps.

In all the following descriptions the names and numbers
are used according to Fig. 4 and Fig. 5, which are also shown
in the following Table 1.

Table 1. Main parts to be dismantled in the Audi Q5 Hybrid battery system

Part number ~ Part name
1 power electronics cover
2 side covering
3 cable tie
4 battery management system (BMS)
5 power electronics
6 system cover
7 cable guiding
8 gas venting
9 cover of stacks
10 connector between stacks
11 stack fastener
12 casing bottom
13 stack holder
14 modules/stacks

3.1. Disassembly priority matrix

Once the parts have been identified it is necessary to
consider the order of precedence of the disassembly steps.
One measure to handle the precedence relations between the
different parts is the disassembly matrix. In the disassembly
matrix a one-to-one comparison of all parts with each other is
carried out, assessing, which of the two parts needs to be
disassembled first. The predecessor is assigned the number
one. The successor part gets a minus one. If there is no
precedence between the two parts, both parts are assigned
with a zero. After every part is assessed against every other
part, the sum for each part is calculated. For this matter only
the positive ones are summed up to build a total. The higher
this total figure is, the higher the rank in the disassembly
system. For the disassembly matrix it is possible that several
parts score the same rank, so that the disassembly matrix is
not unambiguous.

For the Audi Q5 Hybrid battery system the disassembly
matrix can be found in Fig. 6. Taking the example of the
battery management system (BMS), which has the number 4,
and the power electronics, number 5, it is shown that both
have a ‘0’ as it is indifferent which part has to be
disassembled first. Assessing the BMS over the system cover,
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number 6, it shows that the BMS is the predecessor of the
system cover.

3.2. Analysis of the disassembly steps

In the next step, the necessary disassembly operations for
the hybrid battery system need to be defined (see Table 1 with
reference to Fig. 4 and Fig. 5). Then the necessary tools to
carry out the disassembly steps can be assigned to the various
operations. Keeping in mind that the main aim is to separate
the battery modules/stacks for further processing the
following 24 disassembly steps are necessary (Table 2). The
numbers in brackets behind the parts in the second column are
the according numbers from Table 1.
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Fig. 6: Disassembly matrix

The overview over the disassembly processes shows that it
is not necessary to use specialized tools. Only a small number
of different tools needs to be used, although it must be
considered, that the screws that need to be unscrewed have
different measures and heads.

As a first step all visible screws on top and bottom side
need to be undone. Then the cover of the power electronics
can be removed. All removal processes are carried out by
hand. To reduce the health risks for the disassembly worker it
is necessary to check the state of charge of the battery system
and if necessary to discharge the battery system. After
removing the side coverings and the disassembly of the live
lines from the modules, the cable ties can be cut and the plug
connection between the cell controllers and the battery
management system can be disassembled. In order to
disassemble the main system cover, the battery management
system and the power electronics need to be removed and the
bus for the thermo sensors must be cut. In the next steps the

system cover, the cable guiding and the gas venting as well as
the connectors between the modules/stacks can be
disassembled and removed. After disassembling the stack
holders, the battery pack can be taken out of the casing
bottom. In a last step, the stack fasteners are unscrewed and
removed to finally obtain the battery stacks/modules.

Table 2. Disassembly steps and necessary tools

Disassembly Necessary tool

step number

Disassembly step

1 Unscrew covers (1), (6) and casing Screw driver
bottom (12)
I Removal of the power electronics Hand
cover (1)
1 Checking of the state of charge Special

measuring device

v Removal of the side covering (2) Hand
\% Disassembly of the live lines from the ~ Screw driver
modules/stacks (14)
VI Cutting of the cable ties (3) Side cutters
Vil Disassembly of the plug connection Hand
between the cell controllers and the
BMS (4)
VIII Removal of the BMS (4) Hand
IX Removal of the power electronics (5) Hand
X Cutting of the bus for the thermo Side cutters
sensors
XI Disassembly of the system cover (6) Screw driver
Xl Removal of the system cover (6) Hand
X1 Unscrew of the cable guiding (7) Screw driver
X1V Removal of the cable guiding (7) Hand
XV Removal of the gas venting (8) Hand
XVI Removal of the cover of stacks (9) Hand
XVII Disassembly of the connectors Screw driver
between the stacks (10)
XVIII Removal of the connectors between Hand
the stacks (10)
XIX Unscrew of the stack holders (11) Screw driver
XX Removal of the stack holders (11) Hand
XXI Removal of the casing bottom (12) Hand
XXII Unscrew of the stack fastener (13) Screw driver
XXIII Removal of the stack fastener (13) Hand
XXV Removal of stacks (14) Hand

3.3. Disassembly priority graph

To receive an unambiguous order for the disassembly, a
disassembly priority graph needs to be drawn up. The
disassembly priority graph combines the identified
disassembly steps with the precedence relations from the
disassembly matrix. The disassembly steps are combined
where applicable and brought into an order according to the
matrix.
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In case of the Audi Q5 Hybrid battery system, the
disassembly priority graph can look as shown in Fig. 7. The
loosening and removal of the cable guide, of the connectors
between the stacks, of the stack holders and of the stack
fasteners can each be combined into a joint disassembly step.
With this disassembly priority graph one possible disassembly
order has been determined.

DD DD

Fig. 7: Disassembly priority graph

4. Design concept of the disassembly system and work
stations

Based on the battery design, the disassembly steps and the
tasks involved, particular conclusions can be drawn for the
complexity of the disassembly and for the concept of the
disassembly system. In the following sections the challenges
arising from the battery design are summarized. Subsequently,
the main safety aspects to consider are given, before a concept
for the disassembly system is proposed.

4.1. Conclusions from the battery system design

The analysis of the required disassembly steps regarding
the battery design shows several aspects that increase the
complexity of the disassembly. One difficulty arises from the
many different screw types that have been used for the joints.
This means that as many different types of screwdrivers have
to be provided for the disassembly and that during the
assembly a certain amount of time will be spent for changing
the tool. Furthermore, not all screws are accessible from the
same direction. The screw joints are at the top, at the side
covers and at the bottom of the battery system. This will
require several orientation changes of the tool and, due to the
screw joints at the bottom of the battery system, even a turn-
over of the whole battery or at least bottom accessibility.
Further challenges for the disassembly, especially with a
focus on future automation concepts, are flexible components
such as cables and joints that are difficult to access such as the
plug-in connectors of the BMS.

All these mentioned design aspects lead to the conclusion
that a full automation of the disassembly process would be
very complex to realize and thus very expensive. Therefore, a
full automation is not reasonable, particularly with regard to
the numbers of batteries that have to be disassembled, which
are expected to be relatively low. However, a partial
automation of the disassembly process should be considered,
as the numbers of end-of-life batteries will increase. But even
the realization of only partial automation is a challenging task
since many of the disassembly operations require tactile skills.
Being equipped with integrated torque sensors, the KUKA

Light Weight Robot (LWR) is qualified to be used for such
operations and also for assisting the human worker.
Therefore, the use of the LWR for the disassembly within a
partly automated disassembly system should be considered.

4.2. Safety aspects

For the manual disassembly of the Q5 batteries, the main
safety risks, i.e. the safety risks with the largest impact, are
caused by the high voltage and the chemicals in the battery
cells (mainly the electrolyte).

Though, in the future recycling process it is intended to
discharge the batteries before the disassembly, in the current
state of the project a disassembly of charged batteries still has
to be considered. This is also reasonable in order to cover the
cases of discharging failures. Therefore, in the design of the
work stations appropriate protective measures for the worker
and the environment are required like electrically isolated
tools, hand gloves, shoes and floor cover.

A further safety risk arises from the electrolyte in the
battery cells. In case of the damaging of a cell during the
disassembly process the electrolyte may cause fire or toxic
gases. In order to protect the worker, the work stations should
be equipped with appropriate fire extinguishers (dry chemical
or carbon dioxide), emergency kits, gas masks and an
extraction unit.

4.3. Conclusions for the design of the disassembly system and
work station

The data gained from the disassembly studies can be
utilized to draw conclusions for the disassembly system on the
one hand and the work station for the disassembly on the
other.

4.3.1. Disassembly system

Based on product properties, the battery system being
rather small with only two variants (Audi Q5 and VW Jetta), a
small number of parts that need to be disassembled (14) and
with rather low complex disassembly processes, the
disassembly will be carried out in a single work station. The
transfer of the battery systems that need to be disassembled
will be carried out centralized via a roller conveyor and the
material removal from the work space is carried out locally.
There will be a flexible material flow.

4.3.2. Disassembly work station

The disassembly work station has been designed as
depicted in Fig. 8. The batteries are transported from the stock
to the work station by means of a conveying system. At the
work station the battery system is placed on a table where
either two workers or one worker and a robot (the KUKA
LWR) disassemble the battery. For the human worker(s) the
required (electrically isolated) tools are clearly arranged on a
board and well accessible. On this board or next to it the fire
extinguisher, emergency kit etc. should be placed. For the
robot a tool changing system is provided. The disassembled
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parts have to be separated into four categories: electronics,
metals with iron, battery modules and residual materials. The
battery modules are further transported to the next station
which is either a further disassembly station or coarse
shredding. In the whole work station all areas have to be well
accessible within a short distance.

Residual
matarials

N
A

Transport fo
next station

Ny o~
N\’», /J‘
\”x/
rd H\\
N
T - B
Metals with iron Toal changing
system

Fig. 8: Basic layout of the work station for the disassembly of the Q5 batteries

At the current state of the project, the batteries are
disassembled manually by two workers. In the future the
human worker should be assisted by a robot, as shown in Fig.
8. One task of the robot will be the loosening of screws and
nuts. In order to identify the orientation of the screws and to
place the tool correctly the LWR has to use its integrated
sensors. In addition, the sensors enable the robot to operate in
a compliant mode. In this mode the robot moves back when
encountered with resistance (for example in a collision). This
is an important property for team work with a human so that
the robot cannot hurt the human seriously [19].

5. Conclusions

Using the example of the Audi Q5 Hybrid battery system,
a planning approach for the disassembly of electric vehicle
batteries has been demonstrated. Based on a priority matrix, a
disassembly sequence for the Q5 battery system has been
derived. Subsequently, the battery has been analyzed
concerning the complexity of the disassembly before
presenting a concept for the disassembly system and
workstation. For the disassembly system a single work station
with a centralized transfer of the batteries is proposed.
Furthermore, the disassembly worker is proposed to be
assisted by a compliant robot, which is to be detailed in future
work.
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