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Abstract: Various studies show that electrification, integrated into a circular economy, is crucial to
reach sustainable mobility solutions. In this context, the circular use of electric vehicle batteries (EVBs)
is particularly relevant because of the resource intensity during manufacturing. After reaching the
end-of-life phase, EVBs can be subjected to various circular economy strategies, all of which require
the previous disassembly. Today, disassembly is carried out manually and represents a bottleneck
process. At the same time, extremely high return volumes have been forecast for the next few years,
and manual disassembly is associated with safety risks. That is why automated disassembly is
identified as being a key enabler of highly efficient circularity. However, several challenges need
to be addressed to ensure secure, economic, and ecological disassembly processes. One of these is
ensuring that optimal disassembly strategies are determined, considering the uncertainties during
disassembly. This paper introduces our design for an adaptive disassembly planner with an integrated
disassembly strategy optimizer. Furthermore, we present our optimization method for obtaining
optimal disassembly strategies as a combination of three decisions: (1) the optimal disassembly
sequence, (2) the optimal disassembly depth, and (3) the optimal circular economy strategy at the
component level. Finally, we apply the proposed method to derive optimal disassembly strategies
for one selected battery system for two condition scenarios. The results show that the optimization of
disassembly strategies must also be used as a tool in the design phase of battery systems to boost
the disassembly automation and thus contribute to achieving profitable circular economy solutions
for EVBs.

Keywords: electric vehicle battery; disassembly; disassembly planner design; disassembly strategy
optimization

1. Introduction

Electrification of the transport sector is mandatory to achieve the Paris climate targets,
as it currently accounts for around 24% of all global CO2 emissions [1]. However, battery
electric vehicles (BEVs) currently cause almost twice the greenhouse gas emissions in the
manufacturing phase compared to equivalent combustion vehicles, mainly due to the
resource-intensive production of the battery [2]. Nevertheless, electric vehicle batteries
(EVBs) show a significantly better environmental performance if, first, renewable energy
is used to charge the battery during the use phase and, second, if electrification occurs
within a circular economy. In this context, the battery plays the most important role, as it is
the most expensive component in BEVs and contains valuable materials and components
suitable for reuse. A battery pack generally consists of several modules made up of battery
cells. Currently, Li-ion cells are the most common. They can be found in three shapes
(cylindrical, pouch, and prismatic) with different cell chemistries (NMC, LCO, LMO, LFP,
and NCA). However, the general structure of a Li-ion battery cell is independent of the cell
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format and the used chemistries. Its main components are anodes, cathodes, a separator,
an electrolyte, and housing. In batteries for the automotive sector, all cell formats and a
wide range of chemistries are used. Thereby, materials’ purchase costs are the primary
cost driver.

The circular use of components and materials offers big economic opportunities and
has great potential to secure the supply of strategic raw materials for cell manufacturers [3].
The work of Sato and Nakata [4] showed that by 2035, high quantities of critical materials
for the production of new Li-ion batteries in Japan will be obtained from the recycling of
batteries at the end-of-life (EoL) stage (34% of lithium (Li), 50% of cobalt (Co), 28% of nickel
(Ni), and 52% of manganese (M)). However, according to Kotak et al. [5], alternative circular
economy strategies such as reuse and remanufacturing would extend the use phase of
batteries and thus avoid the resource-intensive production of new batteries. Furthermore,
they allow postponing recycling, which will result in improving the recycling efficiency due
to the fact that the recycling processes are continuously being developed. In this context,
disassembly plays a key role in the implementation of all alternative circular economy
strategies at the EoL phase [6]. In addition, by using advanced disassembly technologies
and strategies, material recyclers can significantly reduce the mix of materials to be handled
in resource-intensive downstream material recycling processes.

Nevertheless, today, disassembly represents a bottleneck process that has to be per-
formed faster [7]. Currently, EVB disassembly is done manually [8], which leads to high
costs and poses safety risks to human workers. For these reasons, industrial and highly
automated disassembly is mandatory in the future [6]. Automated disassembly is required
to handle future quantities of returning battery systems in an economically viable and
secure manner. Based on the review of several literature sources, Tan et al. [9] divided the
battery disassembly process at the module-level into four steps. It starts with removing the
battery casing, followed by the extraction of the battery management system (BMS), power
electronics, and the thermal management system. After that, wires, cables, and connectors
are removed. Finally, the modules are obtained after disassembling the securing holders.
The modules can be further disassembled to obtain the battery cells. Thereby, the five main
components have to be removed from the modules. These are cell contacting, cell fixation,
housing, thermal management, and the BMS [10]. Gerlitz et al. [10] classified the challenges
for automated disassembly at the module level into product-related and process-related
challenges. Thereby, the main challenge posed by the product is the design variety. The
main process-related challenges are the non-detachable joints and the hazards related to
Li-ion batteries.

Figure 1 shows the different players in the life cycle of EVBs and their role in im-
plementing a circular economy. Thereby, disassemblers specify the material flow at the
EoL phase. Remanufacturers are very important for implementing high-value circularity
solutions at the different system levels. Recyclers are obligatory to close the loop. Here,
it is worth mentioning that there are different opinions in the ongoing research projects
on who will carry out disassembly, remanufacturing, and recycling. It is assumed that
these operations will either be performed by the same stakeholder, such as recyclers, or
that new actors will be established due to the expected enormous return volumes and the
diversified skills necessary to establish economic and high-quality circularity of EVBs. In
this work, we adopt the second opinion. Disassemblers play a decisive role, whatever the
recovery option at the EoL phase is. However, EVB disassemblers have to deal with several
challenges in the future, such as:

• The increasing return volumes, the uncertainties in timing, quality, and quantity
leading to uncertainties concerning the economic viability of future circular econ-
omy strategies,

• The wide range of battery system designs and cell chemistries and the short innovation
cycles for new cell chemistries causing potential technological obsolescence and rapid
decay of economic value of battery technologies currently prevalent in the field.
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Figure 1. Participants along the life cycle of battery systems and their role in establishing a circular economy.

At the EoL phase, remanufacturers and recyclers are also crucial to extend the life
of battery components or to recycle the battery parts if recycling is the only recovery
option due to advanced aging or if recycling is the most suitable recovery option. The big
challenge here is to find out the optimal route for an EVB at the EoL phase, as there are
multiple alternative circular economy strategies and diverse recycling paths. Furthermore,
this decision depends on the market demand. Therefore, a multicriteria decision platform
is extremely essential [1].

Once the optimal EoL strategy has been determined, how should the battery be
disassembled to implement the selected route economically? This question leads to an
optimization problem that must be solved for individual batteries to significantly increase
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the economic efficiency of disassembly as the most expensive processing step in the current
state [11]. Ke et al. [12] performed disassembly tests on the same battery type with the
same skilled workers. They observed that the workers could disassemble the battery at
least 11.5% faster when they had an optimized disassembly sequence.

Disassembly cannot be seen as the reverse of assembly because, first, disassembly is
subject to many uncertainties and, second, there are different ways to perform disassembly.
Here, different disassembly modes can be distinguished using several criteria. such as the
disassembly depth (Complete/incomplete), the disassembly techniques (Destructive/non-
destructive), the number of used manipulators (Sequential/parallel), and the automation
level (Manual/automated). Thereby, disassembly of complex products cannot be per-
formed just experience-based. Disassembly planning solutions that are adaptive and use
optimization algorithms are necessary to determine optimal disassembly strategies.

This paper aims to contribute to designing adaptive disassembly planners for battery
systems by combining the autonomous disassembly planner presented by Choux et al. [13]
with a disassembly strategy optimizer, which will be implemented and tested using an Audi
A3 Sportback e-tron hybrid battery pack. The battery, instructions about its disassembly,
and several essential data for the disassembly planning, such as the disassembly times and
revenues at component level after applying a specific circular economy strategy, have been
described in detail in [14]. In this paper, the optimal disassembly strategy maximizes the
optimal economic profit. It consists of the following decisions: (1) the optimal disassembly
sequence, (2) the optimal disassembly depth, and (3) the optimal circular economy strategy
for each component (reuse, remanufacturing, repurposing, and recycling). The proposed
disassembly planner can significantly contribute to implementing high-value circularity
levels at the EoL phase of EVBs in automated disassembly solutions in the future.

The following sections are organized as follows: Section 2 describes the main com-
ponents of an automated disassembly solution. Thereby, the disassembly planner with
an integrated disassembly strategy optimizer represents a core building block. Section 3
describes our methodology by presenting our design for an adaptive disassembly planner
and a disassembly strategy optimizer. Finally, we present and discuss our use case results
in Section 4.

2. Building Blocks of an Automated Disassembly Station

An automated disassembly station for EVBs can be reduced to two building blocks:
(1) a mechanical system that directly interacts with the EoL products, and (2) a disassembly
planner that adaptively calculates and updates the disassembly strategies (see Figure 2).
The subcomponents are described in the following sections to show the big picture of
our work. Thereby, publications in the context of battery disassembly are assigned to the
respective subcomponent.
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Figure 2. Building blocks of disassembly stations.

2.1. Mechanical System
2.1.1. Manipulators

Manipulators are responsible for moving several components during the disassembly
process. These components can either be part of the battery or the disassembly station, such
as tools and sensors. Robot arms are typical manipulators. The disassembly process can be
carried out using a single manipulator resulting in a sequential disassembly, in which the
parts are removed one by one. However, multiple manipulators have a great potential to
reduce the disassembly time if parallel disassembly activities are possible. This is known
as corporative disassembly. The disassembly sequence planning is more complicated if
more than one manipulator is used [15].

2.1.2. Disassembly Tools

EVBs are complex products whose disassembly is associated with multiple difficul-
ties. Screw connections are frequently found in batteries. This allows the application of
non-destructive disassembly. However, different screw types are often used, which are not
accessible from the same direction [16]. This means that disassembly involves frequent tool
and direction changes, which have to be considered while planning the disassembly process.
Furthermore, many non-detachable connections are used in EVBs, such as welded joints.
This is especially the case at the module level when connecting the cells [17], where weld-
ing processes have become established because they increase the electrical performance
and improve the joints’ thermal properties and long-term stability [18]. However, these
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joints are difficult to disassemble, especially when alternative circular economy strategies
are targeted.

Moreover, various other joining techniques are used in the battery, such as adhesive
bonding and riveting. In addition, there are several connector systems and flexible com-
ponents that have to be disconnected or cut. That is why an automated disassembly of
EVBs can only be achieved with a wide range of disassembly tools. In the literature, vari-
ous tools have been presented that can be used in automating individual steps of battery
disassembly. Tan et al. [9] presented a pneumatically actuated separation tool suitable for re-
moving covers and stack holders and an unscrewing device with integrated torque sensors.
Kay et al. [19] proposed a cost-effective cutting instrument based on a high-speed rotary
cut-off wheel, which can be integrated into a disassembly station for battery modules.
However, according to their evaluation, laser cutting is more suitable to achieve lower heat
generation and vibration amplitudes and higher cutting accuracy. Li et al. [20] proposed
an automated disassembly system for Z-folded pouch cells consisting of three modules
for the pouch trimming, housing removal, and electrode sorting. Thereby, they presented
a pouch trimming module consisting of a trimming blade set, a trimming base set, and
a conveyor roller set. In this context, the main challenge in designing disassembly tools
will be to develop universal tools that are, first, suitable for different battery variants and,
second, capable of performing more than one disassembly task to reduce the number of
tool changes during disassembly.

2.1.3. Handling Devices

They can be divided into three categories: grippers, product fixtures, and logistics sys-
tems [21]. The tool changer can also be seen as a handling device for the disassembly tools.

• Grippers: These are placed at the end of the manipulator and are used to handle the
disassembled parts. They have to deal with objects with different geometries, volumes,
weights, and surfaces, as well as with uncertainties concerning these properties, such
as modifications in the surface due to usage and aging or contaminations during the
disassembly. In the context of battery disassembly, handling flexible parts, such as
cables, is a challenging task [16]. In addition, the extraction of the cells is associated
with difficulties. This is due to the different cell types (pouch, cylindrical and prismatic
cells) and the various design features, such as differences in volume, arrester position,
and cell housing. Schmitt et al. [22] presented a flexible gripper with integrated
voltage and internal resistance metering for automated handling of pouch cells. The
gripper can grasp different cell geometries if the arresters are placed on the same
side. Kay et al. [19] proposed a two-finger gripper with integrated force regulation
to not damage the battery cells. From these publications, some essential features and
requirements for battery cell gripper systems can be derived. These are the ability of
condition assessment and monitoring, the handling of different cell formats and sizes,
and controlling the gripping force.

• Product fixtures: These are necessary elements of an automated disassembly solution.
They are needed to fix the product to be disassembled in a specific position and
orientation so that the required forces are transmitted and to increase the process
accuracy. Product fixtures can be designed to be stationary or movable. Thereby, the
movement can take place with limited degrees of freedom, such as by means of a
rotatable or translatory fixture table. They can also be seen as manipulators when
they are mounted on a robot arm. In this case, they offer higher degrees of freedom in
the positioning and orientation of the products to be disassembled. However, in the
context of battery disassembly, this could be associated with technical difficulties. The
weight of many EVBs can reach several hundreds of kilograms, which could pose a
challenge for their mobile handling by means of robot arms during the disassembly
process. Other challenges include the flexibility to clamp as many battery variants as
possible. In addition, it must be ensured that the design features of the fixture devices
do not prevent the detection of the product parts [21]. Detailed designs of fixture
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systems for EVBs cannot be found in the literature. This can be explained by the fact
that battery disassembly is performed manually in the current state of the art.

• Logistics systems: These are in charge of transporting the products to be disassembled
to the disassembly stations and transporting the disassembled parts and subassemblies
in and from the disassembly net. Herrmann et al. [23] defined three disassembly
scenarios for EVBs dependent on a product analysis and return quantities. In the
present scenario, the batteries are disassembled in a single disassembly place. Thereby,
the material transportation is carried out by forklifts, which also play a role in the near
future and remote future scenarios. They transport the batteries to the disassembly
net. The main difference to the present scenario is that the material transport inside
the disassembly net is performed by roll conveyors.

2.2. Disassembly Planner
2.2.1. Database

The appropriate disassembly strategy for an individual EVB is the result of an opti-
mization problem under consideration of a wide range of data, which must be available
to the disassembly factories in order to increase the efficiency of a circular economy for
battery systems. Therefore, structuring and managing these data in a database is of funda-
mental importance. Thereby, the need-based availability of some information is essential to
protect the competitive advantages of battery manufacturers. Relevant data can be divided
into process-related data and product-related data. Process-related data are, for example,
disassembly times and costs and needed disassembly tools. The product-related data can
be further classified into master data, transaction data, status data, and market data [24].
Master data comprise general information about the battery, such as the cell format and
chemistry, the number of cells and modules, and information about other battery compo-
nents, such as the battery management system. For disassembly, the precedence constraints,
the joining techniques, the position of parts, and information about their accessibility are
particularly important. Transaction data include information about the history of the
battery. Status data provide information about the condition of the different components of
the battery, such as the state of health of the modules and the cells. Market data are also
essential to find out the optimal disassembly strategy. In particular, the potential revenues
from selling components after applying a specific EoL strategy, such as remanufacturing,
play a role.

2.2.2. Sensorial System

Before disassembly, the information from the database can be expanded with addi-
tional data using other sources, such as battery measurements or employees’ experience.
Nevertheless, not all the information may be available before starting the process. This is
due to the variety of uncertainties during automated disassembly. Therefore, the sensorial
system in an automated disassembly solution is mandatory to plan the process and to
adapt it at the operational level [21]. Thereby, a vision system is needed to detect the
components and their positions and monitor the progress of the disassembly process. In
addition, other sensors are required, such as torque and force sensors, which can be used
for both process control and monitoring.

2.2.3. Adaptive Planner

The adaptive planner is responsible for planning and optimizing the disassembly
strategy. This process is known in the literature as disassembly sequence planning (DSP),
and was described in detail in [25]. It finds application in both the planning and operating
of disassembly lines, in addition to being used in the product development phase to ensure
the guidelines of design for circularity (DfC). DSP starts with selecting the disassembly
mode, followed by the modelling step, consisting of the two phases pre-processing and
model building. Finally, the disassembly sequence can be optimized while considering
a predefined objective function. Many publications have addressed only deriving dis-
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assembly sequences. Here, complete disassembly has been considered more frequently
than incomplete disassembly [25]. However, the optimal circular economy strategies are
supposed to be predefined in the literature and, therefore, are not seen as part of the
disassembly planning [26]. An adaptive disassembly planner in an automated disassembly
solution consists of an autonomous disassembly process planner that ensures the disas-
sembly execution even when the required data are incomplete and a disassembly strategy
optimizer to support decision-making by ensuring that data gaps are eliminated. In this
way, different decisions can be made with the help of the optimizer, such as the optimal
number of tool and direction changes as well as optimal circular economy strategies at
the component level. In the context of battery disassembly, Ke et al. [12] proposed a
disassembly sequence planning approach for EVBs based on a genetic algorithm using
a frame-subgroup structure. The presented method has better convergence properties
compared to other genetic algorithm implementations. However, it requires the existence
of a frame (one component) that has connection and precedence relationships with all other
parts (subgroups). In addition, only disassembly sequences for a complete disassembly
are considered. Incomplete disassembly and decisions about the optimal circular economy
strategies at the component level were not taken into account. Choux et al. [13] proposed
an autonomous disassembly task planner, which can generate disassembly sequences
autonomously. Thereby, no information about the battery to be disassembled is required.
However, the completeness of the automatically detected precedence relationships in [14]
was not guaranteed. Thus, possible disassembly sequences that may represent an im-
proved disassembly strategy cannot be considered by the adaptive planner. In addition,
the proposed task planner cannot make decisions about the disassembly depth and cannot
provide information about the circular economy strategies for the different components,
while it has been shown in [14] that they are decisive factors for the disassembly planning
for EVBs. These disadvantages can be overcome by extending the autonomous disassembly
process planner by a disassembly strategy optimizer. This represents the main research
focus of this paper.

3. Methodology
3.1. Disassembly Planning Using an Adaptive Planner

The disassembly task planner presented by Choux et al. [13] consists of four steps:
(1) image capturing by the installed vision system, (2) detection of the different components
of the battery, (3) autonomous decision making about the possible disassembly sequences,
and (4) position and path calculation to remove the components by the mechanical system
of the disassembly station. Considering the identified issues in the previous section, we
present our design for an adaptive disassembly planner (see Figure 3). Thereby, we extend
the steps presented by Choux et al. with a disassembly strategy optimizer. However,
disassembly strategy optimization requires a lot of data about the product, the disassembly
process, and the market. For this reason, the disassembly strategy optimizer can be ignored
if these data are not available.

Nevertheless, these gaps can be minimized in a disassembly factory after gaining
some experience, e.g., by performing several disassembly experiments with autonomous
decision-making or by taking advantage of the expertise of disassembly experts gained
from past similar batteries. Once these data are available, an optimal disassembly strategy
can be determined. In this way, the autonomous disassembly decision can be avoided. The
component i to be disassembled is thus specified by the optimizer. After the calculation of
the positions, disassembly operations can be performed.
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If the disassembly proceeds normally, the disassembly strategy only needs to be calcu-
lated once. In case of failure, due to the many uncertainties during the disassembly process,
or when complications occur that complicate the execution of disassembly with the existing
strategy or pose any safety risks, alternative actions must be initiated. Here, two cases can
be distinguished. The first case occurs when there is no optimized disassembly strategy
due to incomplete data. In this case, the disassembly task planner must make an additional
autonomous decision, such as changing disassembly tools or adjusting the disassembly
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sequence. The second case occurs if the disassembly strategy optimizer is active. The status
data will then be updated if any components were damaged during the disassembly action.
This is an important step, since it significantly impacts the optimized disassembly planning,
as the appropriate circular economy strategy depends on the component condition. After
that, a new disassembly strategy can be calculated to proceed with the disassembly by
removing component i. If the disassembly is not yet complete, new images are captured
to detect component i + 1 of the computed disassembly strategy. Thereby, it is necessary
to check if the previous disassembly step of component i was performed correctly. If any
connections were damaged or if the component i was destructively removed, that would
require an update of the disassembly strategy. In this case, new precedence constraints may
arise that need to be calculated. Moreover, the status data must be updated to calculate
the next steps of the disassembly subsequently. In the next section, the design of the
disassembly strategy optimizer implemented in this work is addressed.

3.2. Disassembly Optimizer

The first step in the disassembly strategy optimizer is selecting the most suitable
optimization method depending on the available data and the objectives of the disassembly
(see Figure 4). The technique chosen will then be applied to calculate an optimal disas-
sembly strategy. Disassembly sequence planning (DSP) is a non-deterministic polynomial
(NP) problem [25]. Here, the solution space is huge, especially for large products such
as EVBs. Furthermore, the solution space becomes larger when further decisions have to
be made when planning the disassembly strategy, such as the disassembly depth and the
circular economy strategy at the component level. That is why primarily nature-inspired
heuristic optimization methods are used in the literature to solve the DSP problem, such as
genetic algorithms, particle swarm optimization, ant colony optimization, scatter search,
and artificial bee colony optimization [25]. In this work, we will focus on the use of a
modified genetic algorithm, since genetic algorithms are the most widely used optimization
method for finding optimal disassembly strategies [25]. Furthermore, they offer multiple
advantages compared to other metaheuristic methods, such as a wide application range,
strong expansibility, and high robustness, since they usually do not fall into local optimal
solutions [12]. In addition, genetic algorithms are attractive because, first, they quickly
and cost-effectively produce high accuracy solutions, even when the solution space is
huge, and second, they are easy to understand and implement since simple mathematics is
involved [27].

Figure 4 shows the structure of the disassembly strategy optimizer designed in this pa-
per. Here, the steps of the implemented genetic algorithm are shown in detail. It starts with
generating the initial population of potential disassembly strategies coded in chromosomes.
The chromosome structure will be described in the following subsection. Subsequently,
the individuals of the first population are evaluated using an objective function, which
can consist of different sub-objectives. In this context, Alfaro-Algaba and Ramirez [14]
proposed a combined objective function composed of economic and environmental sub-
objectives to maximize the economic profit while minimizing the environmental impact
during the disassembly process of EVBs. A lot of data at the component level are needed,
such as the disassembly costs, the costs to recondition disassembled components in order
to implement a selected circular economy strategy, and environmental data.

Next, the selection step takes place to find out the fittest chromosomes to build a
mating pool. The subsequent step is the mutation phase. Here, it should be ensured that
all chromosome sections have the opportunity to mutate in order to increase the chances of
discovering new solutions with higher performance.
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The steps of the genetic algorithm are then performed until a termination condition
is satisfied, such as a predefined number of generations or the fulfillment of specified
convergence criteria.

In the following subsections, we describe our methodology for the different steps of
the implemented genetic algorithm to optimize disassembly strategies for EVBs in terms
of the disassembly sequence, disassembly depth, and circular economy strategies at the
component level.
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3.2.1. Generating the Initial Population

The initial population consists of feasible disassembly strategies coded into chromo-
somes. Thereby, one chromosome consists of three sections. The first section represents
a disassembly sequence, taking into account the precedence constraints. In the second
section, all battery components are assigned a circular economy strategy dependent on their
condition. The third section consists of only one gene, representing the disassembly depth.

• First chromosome section

A precedence-matrix (P) is used to derive feasible disassembly sequences. It describes
the order of precedence of the disassembly steps and can be obtained from carrying out
manual disassembly experiments or by using the computer-aided design (CAD) models of
the product to be disassembled [28]. Another approach to determining possible precedence
relationships in an automatic way based on computer vision was presented in [13]. This
can avoid the disadvantages of the two mentioned methods: while manual pre-processing
is error-prone and time-consuming, pre-processing using CAD data is often inaccurate.
This is because CAD models can rarely still reliably describe the product at their EoL
phase, for example, due to corrosion or changes that have been applied to the product
during the usage phase. We used the disassembly precedence graph (DPG) to generate
the P matrix for the use case in this paper. It allows a simple one-to-one comparison of all
components. If a component i is the predecessor of the component j, the value Pij gets the
value 1, otherwise 0. The numerical method to derive feasible disassembly sequences from
the P matrix is illustrated in Figure 5.

Batteries 2021, 7, x FOR PEER REVIEW 12 of 24 
 

A precedence-matrix (P) is used to derive feasible disassembly sequences. It describes 

the order of precedence of the disassembly steps and can be obtained from carrying out 

manual disassembly experiments or by using the computer-aided design (CAD) models 

of the product to be disassembled [28]. Another approach to determining possible prece-

dence relationships in an automatic way based on computer vision was presented in [13]. 

This can avoid the disadvantages of the two mentioned methods: while manual pre-pro-

cessing is error-prone and time-consuming, pre-processing using CAD data is often inac-

curate. This is because CAD models can rarely still reliably describe the product at their 

EoL phase, for example, due to corrosion or changes that have been applied to the product 

during the usage phase. We used the disassembly precedence graph (DPG) to generate 

the P matrix for the use case in this paper. It allows a simple one-to-one comparison of all 

components. If a component i is the predecessor of the component j, the value Pij gets the 

value 1, otherwise 0. The numerical method to derive feasible disassembly sequences from 

the P matrix is illustrated in Figure 5. 

Input: Precedence matrix P 

Output: Matrix ANpxn with feasible disassembly sequences 

% Np: Population size 

% n: Component number 

j = 1; 

While (j ≤ Np) 

Find The columns of P where the sum is equal to 0 

and store the column numbers in a vector x; 

% components which can already be disassembled; 

i = 1; 

While (i ≤ n) 

Select a random value from vector x to be stored 

in the disassembly sequence yj at position i; 

Delete the selected component in the vector x; 

Go to the row with the index of the selected component 

find the column elements that are equal to 1 

and store their column index in the vector x; 

i = i + 1; 

End 

j = j + 1; 

End  

Figure 5. Method to generate feasible disassembly sequences from a given precedence matrix. 

 Second chromosome section 

The transfer of battery components into a circular economy takes place via the im-

plementation of circular economy strategies. Here, there are different strategies, which 

mainly differ in preparing the components and the application field. The waste hierarchy 

of the European Commission contains five priorities [29]. In this work, we focus on the 

priorities on the top, as they should be preferred in a circular economy. The highest one 

is prevention, for example, by extending the life of products through predictive mainte-

nance or simple repair operations. The second priority is repair for reuse, followed by 

recycling. These priorities can be achieved by applying diverse circularity strategies. Pot-

ting et al. [30] identified ten strategies and divided them into three categories: (1) smarter 

product use and manufacture, (2) extend lifespan of product and its parts, and (3) useful 

application of materials. Here, we consider only the strategies, which can be applied at 

the EoL phase. Circularity solutions during the stages of design, manufacturing, and use 

are ignored. In this scope, the EoL strategies can be reduced to four strategies: reuse, re-

manufacturing, repurposing, and recycling. The integration of these strategies in the 

waste hierarchy and the material flows after their application are illustrated in Figure 6. 

In the literature, different definitions can be found for these strategies [24]. In this paper, 

we adopt the definitions of Potting et al. [30]. Reuse means the utilization of a discarded 

Figure 5. Method to generate feasible disassembly sequences from a given precedence matrix.

• Second chromosome section

The transfer of battery components into a circular economy takes place via the im-
plementation of circular economy strategies. Here, there are different strategies, which
mainly differ in preparing the components and the application field. The waste hierarchy
of the European Commission contains five priorities [29]. In this work, we focus on the
priorities on the top, as they should be preferred in a circular economy. The highest one is
prevention, for example, by extending the life of products through predictive maintenance
or simple repair operations. The second priority is repair for reuse, followed by recycling.
These priorities can be achieved by applying diverse circularity strategies. Potting et al. [30]
identified ten strategies and divided them into three categories: (1) smarter product use
and manufacture, (2) extend lifespan of product and its parts, and (3) useful application of
materials. Here, we consider only the strategies, which can be applied at the EoL phase.
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Circularity solutions during the stages of design, manufacturing, and use are ignored. In
this scope, the EoL strategies can be reduced to four strategies: reuse, remanufacturing, re-
purposing, and recycling. The integration of these strategies in the waste hierarchy and the
material flows after their application are illustrated in Figure 6. In the literature, different
definitions can be found for these strategies [24]. In this paper, we adopt the definitions
of Potting et al. [30]. Reuse means the utilization of a discarded battery or a set of its
components by another user in the automotive field. Remanufacturing is the treatment
of battery parts so that they can at least meet the requirements of newly manufactured
products and their utilization for the manufacturing of EVBs. If the battery or its parts
are reconditioned and used in another application field, such as stationary energy storage,
this is called repurposing. Recycling is the recovery of materials. In this case, pure and
high-quality materials for use in the automotive sector should be targeted.
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Figure 6 shows that disassembly is of central importance for the implementation of
all these circularity strategies. The components of the EVBs can be allocated to different
strategies depending on their condition. However, the selection of the optimal circular
economy strategy does not depend exclusively on this. Other factors, such as the disassem-
bly costs and the market constraints, such as the potential revenues, also play an important
role. Therefore, we consider the selection of the EoL strategy as a part of the disassembly
planning. This paper assumes that the feasibility of a circular economy strategy for a given
component depends on its condition. That is why the second section of the chromosome
must fulfill the condition constraints defined by a condition vector S containing the feasible
circular economy strategies CESi for every component i—see Equation (1). Here, the prior-
ity of the circular economy strategies is taken into account. If a component i is in excellent
condition, it can be allocated to all strategies (reuse, remanufacturing, repurposing, and
recycling). In this case, CESi is assigned the value 1. If CESi equals 2, the reuse option will
be excluded. Part i can be neither reused nor remanufactured if CESi equals 3. CESi is
assigned the value 4 if recycling is the only possible recovery option.

S =

 CES1
. . .

CESn

; CESi ∈ {1; 2; 3; 4} (1)
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The S vector cannot just be seen as a collection of testing results. Other factors can play
a role in determining the potentially possible circular economy strategies for the different
battery parts, such as the employees’ experience in the disassembly factory. Testing results
include the state of health (SoH) and state of charge (SoC) of battery cells and modules and
additional parameters for the rest of the components.

• Third chromosome section

This section consists of a single gene and is used to define the disassembly depth.
An EVB could be entirely disassembled by separating all its parts. However, this ap-
proach is neither economically nor environmentally practical in an industrial context [16].
Therefore, EVBs are more likely to be subject to incomplete disassembly. Here, there are
two methods to perform incomplete disassembly: (1) the selective method and (2) the
unrestricted method. The selective method means that specific components are selected to
be disassembled. Subsequently, the disassembly planner needs to calculate a strategy for
the optimal extraction of these parts. Here, the high-value strategy and the high-impact
strategy can be distinguished [31]. For EVBs, the removal of the modules could present
a high-value disassembly strategy. The high-impact strategy applies when, for example,
a module with safety risks is identified and has to be replaced before reusing the battery.
In contrast, no target components are selected in the unrestricted incomplete disassembly.
The disassembly planner can freely calculate the optimal disassembly strategy based on an
objective function. This method is considered in this paper. Thereby, the gene representing
the disassembly depth is randomly generated with values between 0 (no disassembly) and
the maximum number of components n while generating the initial population.

In Fehler! Verweisquelle konnte nicht gefunden werden, a disassembly precedence
graph of a theoretical product, the associated precedence matrix, and the entire structure of
a possible chromosome depending on a given condition vector are presented. In this case,
one feasible disassembly sequence is 1-2-3-5-6-4, possible circular economy strategies at
the component level are 1-2-4-1-2-4, and the disassembly is complete, since the last gene
matches the component number.

3.2.2. Evaluation Method

The performance of the disassembly strategies, coded in chromosomes, has to be
evaluated using an objective function, which depends on several parameters. Thereby,
different evaluation criteria can be involved, such as the economic and social performance
or the environmental impacts. In this paper, we focus on the economic performance of the
disassembly strategies by implementing the following objective function to maximize the
economic profit (see Equation (2)).

y =

(
DL

∑
i=1

RVi,j − RCi,j −OCi,j − F ·DTi,j

)
+

(
q·

n

∑
i=DL+1

RVi,4 − RCi,4

)
(2)

y: Economic profit
i: Index of components
j: Circular economy strategy
DL: Disassembly depth
RVi,j: Revenues from component i while applying the circular economy strategy j
RCi,j: Recovery costs for component i to apply the circular economy strategy j, for

example, costs of cleaning, further mechanical treatment, replacement of elements, py-
rometallurgical and hydrometallurgical treatment, etc.

OCi,j: Overhead costs for component i to apply the circular economy strategy j
F: Machine and personnel hourly rate for the disassembly process
DTi,j: Disassembly time of component i while applying the circular economy strategy j
q: Value reduction factor for the achievable yield from recycling in case of incomplete

disassembly
n: Number of components.
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It is assumed that the revenues, recovery costs, and overhead cost depend on the
selected circular economy strategy. This also applies to the disassembly times because, in
the case of recycling, disassembly operations can be performed faster due to destructive
disassembly techniques.

3.2.3. Selection and Crossover

During the selection phase, parents are selected based on their fitness value. The
candidates with higher fitness will subsequently mate to produce new generations. In
the literature, there are several selection procedures. Ke et al. [12] used the roulette wheel
selection method to select the fittest disassembly sequences for EVBs. In this work, a
tournament selection technique is used. In a tournament, each chromosome competes
twice against two random other chromosomes. The winners move into a mating pool
consisting of parents of the same size as the initial population.

Afterward, the crossover phase takes place, usually with high probability (Pc). During
this phase, children representing new solutions are generated using the genetic material of
two parents. In the context of the disassembly planning task in this paper, it is essential
to ensure that the created chromosomes during the crossover phase represent feasible
solutions by not violating the precedence relationships and the condition constraints.
Therefore, the precedence preservative crossover method described in [27] was chosen and
adapted to the characteristics of our chromosome structure. Thereby, two parents generate
two children whose chromosome structure is determined by two randomly generated
masks. The first child is recombined by using mask 1, and the second one by mask 2.
The chromosomes of the children are built up step by step. If the used mask has the
value 1 at position i, parent 1 is used to specify the gene i of the child. Here, the leftmost
element of parent 1 will be deleted from both parents and placed in the position i of the
child. Otherwise, parent 2 is used to define the gene i. Figure 7 shows two possible
disassembly sequences of the theoretical product presented in Figure 8, as well as two
randomly generated masks, which were used to create new feasible disassembly sequences.
The section of the chromosome, representing the circular economy strategies, is recombined
simultaneously with the disassembly sequence using the same masks. However, the masks
do not play any role in the definition of the disassembly depth. Here, child 1 gets the
disassembly depth from parent 1 and child 2 from parent 2.
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Figure 7. Using randomly generated masks to produce new feasible disassembly sequences during the crossover phase of
the genetic algorithm.
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3.2.4. Mutation

The mutation phase plays a crucial role in enhancing the quality of the solution. It
increases the diversity in a population and the possibility of discovering new candidates
with high performance [27]. In addition, mutation increases the robustness of genetic
algorithms concerning local optima [15]. In the context of disassembly planning, the
feasibility of mutated solutions must be guaranteed. In this work, the disassembly strategy
involves three decisions: the disassembly sequence, the circular economy strategies, and
the disassembly depth. Therefore, we chose a three-step mutation by applying the swap
mutation method to sections 1 and 2 of the chromosome, representing the disassembly
sequence and the circular economy strategies, respectively, and a random resetting of the
third chromosome section describing the disassembly depth.

• Step 1: With a mutation probability Pm,1, two randomly selected genes in the first
chromosome section are swapped. Thereby, the associated circular economy strategies
in the second chromosome section must be swapped in the same manner to ensure
the satisfaction of the condition constraints. The mutation is only accepted if the
precedence relationships described by the precedence matrix P are not violated.

• Step 2: With a mutation probability Pm,2, two randomly selected genes in the second
chromosome section are swapped. The mutation is only accepted if the condition
constraints given by the condition vector S are not violated.

• Step 3: With a mutation probability Pm,3, the last gene of the chromosome is reset by
randomly adding or subtracting up to 20% of the number of components.

Figure 9 shows an exemplary execution of the three-step mutation based on a dis-
assembly strategy of the theoretical product presented in Figure 7. During the first step,
the fifth and last genes of the first section, as well as the corresponding circular economy
strategies, were changed. The mutation is accepted because the disassembly sequence
1-2-3-5-4-6 is feasible. The mutation in step 2 is rejected because part 3 cannot be reused (see
condition vector S in Figure 7). The mutation during the last step consists of substracting
16.7% of the total number of components (one part).
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strategies; (c) step 3: random resetting mutation of the gene representing the disassembly depth DL (DL = DL ± random x;
x ∈ [0, 20% · n]; DL ∈ [0, n]; n: number of components).

4. Results and Discussion
4.1. Case Study

The Audi A3 Sportback e-tron hybrid Li-ion battery pack was chosen as the use case
in this paper to demonstrate our approach to planning disassembly strategies for battery
systems. The selected battery was described in detail by Alfaro-Algaba and Ramirez [14].
The selected disassembly steps are presented, and most of the data required for our pro-
posed disassembly strategy optimization method are available. The relevant assumptions
for our use case are listed below:

• Currently, we cannot quantify how diverse disassembly techniques for implementing
different circular economy strategies affect disassembly times. Therefore, we assume
in the following that the disassembly time per component does not depend on the
selected route.

• From interviews with two battery recyclers in Germany, we found out that two
workers need 30 min on average to remove the modules manually from a medium-
sized battery. This is consistent with the assumption made by Alfaro-Algaba et
Ramirez [14]. However, the disassembly times for each component were not given
in [14]. In this work, we have estimated the disassembly times for the selected
battery based on the experience of Rallo et al. [32] during the disassembly of a similar
battery. In Figure 10, the component-specific disassembly times are integrated into the
precedence graph of the considered battery. Thereby, disassembly times are coded as
follows: x[number of units]; [disassembly time per unit]; [total disassembly time].

• We only consider a disassembly station with two workers with 100% availability. This
means that 3300 units can be disassembled per year (see Table 1).

• We used the same overhead costs and their allocation at the component level as in [14].
However, we assume that the overhead costs do not depend on the applied circular
economy strategy.

• No components are disposed of. If components are in very poor condition, they must
be recycled.

• Processing costs to repurpose the components are assumed to be 25% of the revenues.
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• Repurposing revenues are 10% lower than remanufacturing revenues.
• In case of incomplete disassembly, the non-disassembled parts will be recycled. Here,

the profit is reduced by 10% due to the missing separation resulting in impure mate-
rial composition.

• It is assumed that the overhead cost per battery is EUR 96.97 on average (see Table 1).
The total overhead costs (OCT) are taken from [14].

• The economic input data and additional assumptions for the cost structure can be
found in [14] in order to reproduce the results presented in the next subsection.

Table 1. Throughput of a disassembly station and overhead costs.

Variable Formula Parameters

Throughput a a = (nd · nh)/tB = 3300
nd = 220 days: Working day per year

nh = 7.5 h: Working hours per day
tB = 30 min: Average disassembly time per battery

Overhead costs per battery OCB OCB = OCT/a = 96.97€ OCT = 320,00€: Total overhead costs per year
data data

In the following, we consider two scenarios for disassembly planning of the considered
battery. The upper and lower housing shells and the cooling plates are in poor condition
in the first scenario and can, therefore, only be recycled. In the second scenario, they can
be assigned to all possible circular economy strategies. The eight modules are in different
conditions: two modules must be recycled (CESi = 4), two modules can be reprocessed
for second-life applications (CESi = 3), such as stationary energy storage, two modules
can be remanufactured for automotive applications (CESi = 2), and the last two modules
can be directly reused in the automotive sector with little effort, for example for cleaning
and packaging (CESi = 1). In addition, we assume that all connecting elements cannot be
reused and consequently have to be recycled in both scenarios. All other components of
the considered have the same condition in both scenarios; see the condition vectors of both
scenarios in Equations (3) and (4).

ST
1 = [4 4 1 1 1 1 1 1 1 1 1 4 4 4 4 1 1 2 2 3 3 4 4 4 4 4 4 4 4 4 4 4] (3)

ST
2 = [1 4 1 1 1 1 1 1 1 1 1 1 4 4 1 1 1 2 2 3 3 4 4 4 4 4 4 4 4 4 4 4] (4)
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Figure 10. Li-ion battery of the Audi A3 Sportback e-tron hybrid: disassembly precedence graph
and disassembly times at the component level. The disassembly times are specified by the following
format: x[number of units]; [disassembly time per unit]; [total disassembly time].

4.2. Results

A disassembly strategy in this work consists of three decisions: (1) the optimal dis-
assembly sequence, (2) the optimal circular economy strategy for each component, and
(3) the optimal disassembly depth, which represents the stopping point of the disassembly
process. These three decisions for both defined scenarios are shown in Figure 11. The used
parameters for the initialization of the implemented genetic algorithm are listed Table 2.
In the first scenario, the result is an incomplete disassembly with a disassembly depth of
90.63%. We see that the disassembly stops immediately after the modules are removed. In
this case, two modules are reused, and two modules are recycled. This represents the best
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possible route due to the condition constraints. However, the remaining four modules are
repurposed, although two modules could be remanufactured. This is because remanufac-
turing is not economically feasible in our use case. In the first scenario, an economic profit
of EUR 553 can be achieved (see Figure 12). In the second scenario, it can be increased
by 3.16% to EUR 570.5, although the disassembly costs are higher due to the complete
disassembly. This is due to the fact that the upper and lower casing shells, as well as the
cooling plates, are reused, and thus higher revenues can be realized. It is worth mentioning
here that although the modules are the most valuable components on a battery, other parts
contribute in a significant way to increasing the profitability of the disassembly. In the
course of our research, we spoke with an EVB recycler in Germany. He said that recycling
some EVB variants is particularly attractive because of massive busbars made of copper.
Figure 12 shows the evolution of the objective function and the disassembly depth over
the 100 generations. Thereby, the algorithm converges after few generations (<20), which
means that the optimization can be terminated earlier and thus performed faster.
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Figure 11. Optimal disassembly strategies consisting of three decisions (1—optimal disassembly sequence, 2—optimal
disassembly depth, and 3—optimal circular economy strategies at the component level): (a) upper and lower housing shells
and the cooling plates are in a bad condition and have to be recycled; (b) upper and lower housing shells and the cooling
plates are in perfect condition and can be assigned to every circular economy strategy.
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Table 2. Used parameters for the genetic algorithm.

Parameter Value

Population size Np 300
Number of generations T 100
Crossover probability Pc 0.9

Mutation probability for the first chromosome section Pm,1 0.1
Mutation probability for the second chromosome section Pm,2 0.1
Mutation probability for the third chromosome section Pm,3 0.1
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4.3. Discussion

Optimizing disassembly strategies for EVBs shows a key role in making the circularity
of these systems more efficient by targeting higher priorities from the waste hierarchy pre-
sented in Figure 6.Here, selecting the optimal circular economy strategies at the component
level must be considered as part of the disassembly process planning, since the chosen
strategy influences the disassembly techniques and thus the disassembly times and costs.

Disassembly planning and optimization are becoming increasingly complex due to
several factors: first, disassembly is subject to many uncertainties, which makes disassembly
planning an adaptive and iterative process. Second, disassembly can be performed using
different modes (sequential/parallel, complete/incomplete, destructive/non-destructive,
automated/manual). Third, on the one hand, disassembly planning is a data-intensive
process, and on the other hand, it must be ensured that disassembly is executed even when
data are lacking. Fourth, there are multiple variables to optimize the defined objective
function, such as the number of tool and direction changes and disassembly times, which
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depend on other factors such as the joining methods, the disassembly techniques, and
the accessibility of the parts. Finally, disassembly strategies do not only consist of a
disassembly sequence but also include other decisions, such as the disassembly depth
and circular economy strategies for the different components. These three decisions are
considered in our proposed adaptive disassembly planner with an integrated disassembly
strategy optimizer.

However, in the context of this paper, we only addressed sequential disassembly, since
the aim of our current research is to develop an automated disassembly solution for battery
packs down to the module level using a robot arm as a single manipulator. Our proposed
disassembly strategy optimization method still needs to be extended to the following
aspects: (1) including planning methods for cooperative disassembly, which can be applied
by using at least two manipulators in fully automated disassembly solutions or by employ-
ing a human–machine collaboration, (2) taking into account the tool and direction changes,
as they definitely influence the disassembly time, and (3) integrating adaptive methods
for updating the condition and precedence constraints in case of complications during
the disassembly process or when destructive disassembly steps are used. Furthermore,
the adaptive planner should consider further factors, such as the configuration and the
availability of the stations. On the one hand, the stations in a disassembly factory may
have to be designed differently to be able to disassemble different battery variants and are
therefore not suitable for carrying out all disassembly strategies and, on the other hand, a
high-capacity utilization should be achieved. This means that EVBs have to be assigned to
stations that cannot perform the best possible disassembly strategy in some cases. However,
this measure can significantly improve capacity utilization and consequently contribute to
establishing highly automated and flexible disassembly factories in the near future, which
will become more and more profitable with increasing return volumes. In the literature,
there are no concepts for highly flexible disassembly factories for EVBs. In the following
publications, we will present several future layouts for disassembly factories under consid-
eration of the presented building blocks of an automated disassembly station in section 0
and show potential challenges for the adaptive disassembly planner with respect to the
proposed layouts.

Lastly, optimization of disassembly strategies, often described as disassembly se-
quence planning (DSP) in several literature sources, should be addressed in the product
design phase. This will clearly contribute to achieving fully automated, cost-effective,
and environmentally efficient disassembly for battery systems in the automotive sector.
In particular, the modules, as the most valuable components in the battery, should be
removable after only a few disassembly steps. This is obviously not the case for the battery
considered in this paper.

5. Conclusions

An adaptive disassembly planner with an integrated disassembly strategy optimizer
for electric vehicle batteries is presented in this paper. It serves to adaptively plan disassem-
bly strategies and optimize them using heuristic optimization algorithms. A disassembly
strategy consists of three decisions about the optimal disassembly sequence, disassem-
bly depth, and circular economy strategy for each component. The disassembly strategy
optimizer is implemented using a modified genetic algorithm and tested on a selected
battery. Thereby, two condition scenarios were considered. In both scenarios, all modules
are removed. The disassembly of the remaining components depends on their subsequent
route. The presented optimization method is computationally efficient and can be further
improved by applying a convergence termination condition. The introduced disassembly
planning method can be used at the end-of-life phase to plan the disassembly depending
on components’ state and market conditions. Furthermore, our approach is also suitable
for use in the begin-of-life stage to ensure the guidelines of “design for disassembly” in the
design stage. Nowadays, there is a need for action in both application cases because, first,
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disassembly processes are mainly carried out based on experience, and second, battery
treatment at the end-of-life phase is hardly considered when designing these systems.
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