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Since the electric vehicle battery (EVB) is wildly recycled in industry, the disassembly
procedures of variable EVBs is so important that can influence the efficiency and
environmental impacts in remanufacturing. To improve disassembly efficiency in EVB
remanufacturing, a disassembly sequence planning method based on frame-subgroup
structure is proposed in this paper. Firstly, the improved disassembly relation hybrid graph
and disassembly relation matrix are proposed to identify the disassembly precedence
relationship and connection relationship between the components in EVB. Secondly, the
frame - subgroup structure is given, and the method for solving disassembly sequence
planning with frame-subgroup structure and genetic algorithm is introduced. In this
method, to simplify the series of processes such as encoding, decoding, crossover
and mutation, the solution space composed of all disassembly sequences is transformed
into the positive integer sequence for the disassembly efficiency in battery
remanufacturing. Finally, the case study of EVB disassembly sequence planning is
presented to validate the feasibility of this proposed method. Comparing with other
traditional methods, the advantage and application of this proposed method are
introduced.
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INTRODUCTION

In the past few years, governments have paid more and more attention to energy crisis,
environmental protection and other related issues. At the same time, many countries attach
great importance to the investment and research of electric vehicles, due to their attention to
the future automotive market. Major enterprises have also produced a large number of new energy
vehicles powered by batteries. The worldwide sales of electric vehicles are expected to increase from
the current 1.1 million to 11 million in 2025, and 30 million in 2030 (Alfaroalgaba and Ramirez,
2020). Considering that the life cycle of EVB is between 5 and 20 years, consequently, a huge number
of EVBs are expected to reach the end-of-life stage and will need to be disposed of or recycled in the
coming decades (Alfaroalgaba and Ramirez, 2020). Compared with traditional engines, EVBs
contain many toxic and harmful chemicals. If they cannot be disposed of properly, even if they
are discarded, will cause irreversible damage to the environment. Thus in many countries, similar to
normal batteries, landfilling or incineration of used EVB is prohibited (Gu et al., 2018).
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The EVB is a relatively independent working system inside the
electric vehicle, whose main function is to output stable and
reliable power to the vehicle. Since some components inside the
scrapped EVBs still have high recycling and remanufacturing
value, therefore, disassembling the EVBs into components is an
inevitable part to disposal of scrapped EVBs. The proper
approach is to recycle its valuable components, and for the
components that cannot be recycled, reused and
remanufactured should be properly handled to avoid or reduce
their impact on the environment (Shao et al., 2018).

The quality of scrapped EVBs is various, which is related to its
life cycle and daily usage. However, the disassembly process can
be controlled by human. Disassembly is a process in which the
operator removes components from the assembly by a certain
sequence (Kim et al., 2018). Even if the same assembly is
disassembled and the same components are obtained, different
disassembly sequences will lead to different results in disassembly
benefit, disassembly time and so on. Therefore, how to quickly
find the optimal disassembly sequence to obtain the highest
recycling value or disassembly efficiency of end-of-life
products is one of the most concerned issues for enterprises.
This problem is also known as disassembly sequence planning
(DSP) (Chang et al., 2020).

In order to optimize disassembly sequence to improve
disassembly benefits, in this study, the hybrid disassembly
matrix and the frame-subgroup structure is presented. And
the hybrid disassembly matrix is set to identify disassembly
priority and connection relationship of disassembling
components, as well as the frame-subgroup structure is
established to divide the solution space, and promotes
computational efficiency. In the end, the disassembly
experiments of the EVB is presented and discussed as the
instance to validated this proposed method, and the
disassembly efficiency and benefits are increased by applying
the frame-subgroup structure and hybrid disassembly matrix
with improved genetic algorithm.

LITERATURE REVIEW

Since DSP is a NP-hard combinatorial optimization problem
(Lambert, 2003), when the scale or the complexity of the problem
increased, the time to solve the problem will increase
exponentially. The solution of the DSP problem is generally
divided into two parts. The first part is to model the DSP
problem, that is, to describe various relationship among
components of the assembly by establishing a proper
mathematical model. At present, the common modeling
methods include constraints relation graph (Hu et al., 2018),
disassembly tree (Liu et al., 2016), and-or graph (Tian et al.,
2019), Petri net (Guo et al., 2016) and so on. Then use the
constructed mathematical model to find all disassembly
sequences that meet the disassembly precedence relationship.
The set of all disassembly sequences is called the solution space in
this paper. And the second part is to use various algorithms to try
to find the optimal disassembly sequence that meets the
established optimization goals in the solution space.

Different from the earlier research, which is to build
mathematical model to solve the precise solution of DSP
problem, a large number of DSP research currently tend to
solve the problem by heuristic/meta-heuristic algorithm.
Heuristic/meta-heuristic algorithms no longer blindly pursue
the optimal solution of the DSP problem, and sub-optimal
solutions which close to the optimal solution can also be
accepted. Such algorithms sacrifice the quality of solutions, but
save a lot of computing time.

Human-robot collaboration for disassembly is proposed by
Xu et al. (2020) to flexibly and efficiently finish the disassembly
process in remanufacturing. In this work DSP for human-robot
collaboration is solved by the modified discrete Bees algorithm
based on Pareto. And the proposed method is verified based on a
simplified computer case. Feng et al. (2019) proposed an
improved multi-objective ant colony algorithm to derive
optimal target disassembly sequences. The work establishes
some indices on disassembly scheme evaluation and a fuzzy
integral method to evaluate the obtained disassembly scheme.
And a CNC machine tool example is given to illustrate the
proposed models and the effectiveness of the proposed
algorithm. Laili et al. (2019) proposed a ternary bees
algorithm to identify new disassembly sequences and
directions. The algorithm combines the merits of a greedy
search and meta-heuristic techniques. Experimental results
show that the proposed approach is able to perform a rapid
subassembly detection and sequence optimization for a robotic
disassembly task. Due to the unorganized disassembly of
electronic waste demands huge disassembly time and efforts
with necessary tooling, Bahubalendruni and Varupala, (2020)
developed an automated optimal disassembly sequence
planning methodology to solve any product configuration.
Chang et al. (2020) presents a proof-of-concept novel near
real-time interactive AR-assisted product disassembly
sequence planning system (ARDIS) based on product
information, such as interference matrix and 3D models, and
several case studies have been carried out to demonstrate and
evaluate the performance of the system within the laboratory
environment.

Compared with other meta heuristics algorithm, genetic
algorithm has the advantages of wide application range, strong
expansibility, and not easy to fall into local optimal solution, etc. it
is also widely used in DSP problem solving. Lee et al. (2019)
proposed interactive genetic algorithms to solve the problem of
disassembly sequence planning. In their research the disassembly
factor is measured by the fuzzy scoring procedure method, and
then the genetic algorithm is used to select the optimal sequence.
With the penalty value provided from the process, a reference is
provided for the revised design. Finally, the feasibility of the
proposed method is verified by examples. Tian et al. (2019)
proposed a novel cooperative disassembly sequence and task
planning method was proposed based on the genetic
algorithm. In their work the chromosome evolution rules,
such as the selection, crossover, and mutation operators, have
been redesigned to obtain the (approximate) optimal multiplayer
cooperative disassembly sequences and task planning. Parsa and
Saadat (2019) define new optimization parameters based on the
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disassembly-ability and components demand. Genetic algorithm
optimization method was employed to optimize the process
sequence. The most demanded components with the easiest
disassembly operations are disassembled first without
requiring to disassemble the unwanted components and
avoid complicated operations. Two case studies were
analyzed to determine the effectiveness and compatibility of
the method.

The above methods show that the genetic algorithm has a
strong applicability in solving DSP problems. Genetic algorithm
to solve DSP problem is usually divided into two steps. Firstly,
formulate a set of coding and decoding methods to map the
disassembly sequence to chromosome one by one. Secondly
according to the relationship between the disassembly
sequences, define a method for chromosome crossover and
mutation to realize the iteration of the population to achieve
the goal of optimization.

However, the disassembly sequences may not be continuous in
the solution space. Traditional methods usually elaborate some
complex coding, decoding, crossover, and mutation strategies to
ensure that the child chromosome still belongs to the solution
space that composed of all disassembly sequences. In this paper
frame-subgroup structure combined with genetic algorithm is
introduced to solve the DSP problem. In this method, the
optimization problem in the solution space composed of all
disassembly sequences is transformed into the optimization
problem in the positive integer sequence, at the same time, a
series of processes such as encoding, decoding, crossover and
mutation are simplified, which improves the efficiency of solving
the problem.

METHODOLOGY

Before the disassembly operation, it is necessary to have a clear
understanding of the specific structure of the assembly and the
interrelationship between the internal components, including
the number of components to be disassembled, the connection
relationship between components, and the space constraint
relationship between components. In general, this
information can be easily and quickly obtained by the CAD
model of the assembly. Therefore, the methods and theories
mentioned in this paper are based on the CAD model of the
assembly.

Disassembly Relationship Hybrid Graph
In order to clearly express the relationship between the
components, in this paper, based on the constraints relation
graph (Lee et al., 2019), an improved disassembly relationship
hybrid graph is proposed, which can express the connection
relationship and the disassembly precedence relationship
between components at the same time. The disassembly
precedence relationship means that there are constraints on
the order of disassembly of the two parts, that is, one must be
disassembled before the other, and the connection relationship
refers to the mechanical connection between two parts. In the
practice of disassembly, different connection relationships mean
that the difficulty of disconnecting is different. For example, a
DSP problemwith the goal of maximizing the revenue means that
the cost of disconnecting different connections is different.
Therefore, the connection relationship between various
components is a parameter that cannot be ignored in this type
of optimization process.

The proposed disassembly relationship hybrid graph in this
paper is composed of nodes and edges, for an assembly with n
components, the nodes represent the n components, and the
edges between nodes represent the disassembly precedence
relationships and connection relationships between the
components. As shown in Figure 1, The disassembly
relationship hybrid graph is defined as follows:

(1) Use n nodes (circles in Figure 1) to represent the n
components of the assembly, and number them with 1, 2,
. . . , n respectively;

(2) The edges of different line types are used to represent the
types of all connection relationships between components;

(3) The arrows on the edges indicate that there is a disassembly
precedence relationship between the two nodes connected by
the edge, and stipulate that the one pointed by the arrow
needs to be disassembled before the other.

Disassembly Relationship Matrix
In order to solve the DSP problem on computer, based on
adjacency matrix (Tian et al., 2018), this paper proposes a
method to transform the above disassembly relation hybrid
graph into disassembly relation matrix. Both of them can
equally describe the relationship between the components. The
disassembly relationship matrix is defined as follows:

FIGURE 1 | Disassembly relationship hybrid graph.
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For an assembly with n components, the matrix P of n × n is
constructed in formula 1:

P � [aij]n×n, i, j � 1, 2, . . . , n (1)

where the elements in matrix P are defined as follows:

aij �

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

1, component i has priority over j, and no connection relation
2, component i has priority over j, and connection relationship isC1
3, component i has priority over j, and connection relationship isC2

. . .
k + 1, component i has priority over j, and connection relationship isCk
0,Other situations

In the disassembly relationship matrix P, if all elements in
column j are zero, according to the definition, it means that no
component can be disassembled before component j (At this
time, the elements in line j should not be all zero, because if the
elements in row j and column j are all zero, it indicates that there
is no connection and precedence relationship between the
component j and the assembly, or the component has been
disassembled from the assembly). Then component j is
currently in the first precedence of disassembly sequence.
The disassembly operation is to release all the connection
with the component j, and the all of the connection
relationships of the component j is contained in the row j of
the precedence relationship matrix. Thus, we only need to
replace all the elements in the line j with 0, and record all
the changed numbers, from which we can know which
component is disconnected with component j and which
kind of connection is.

According to the definition of the disassembly relationship
matrix, this paper gives a approach to generate the disassembly
relationship matrix on the computer. The procedure is shown in
Figure 2.

Step 1. Determine the number of components n and number
these component with 1, 2, . . . , n.
Step 2. Create a zero matrix of size n × n.
Step 3. For each component i, find all the components that
need to be disassembled before the component i, record the
number m of these components and the connection
relationship k between them, and assign k to the line i and
column m of the matrix.

Solution Space
The disassembly precedence relationship between the
components limits their order to be disassembled. The set
of all disassembly sequences that meet the disassembly
precedence relationship is called the solution space. In
order to ensure the reliability of optimization results of the
DSP problem, any proposed method of describing the
relationship between components should have the feasibility
of generating all disassembly sequences (solution spaces) (Ji-
Bin, 2016).

Here we give a method to generate a disassembly sequence by
using disassembly relationship matrix.

Step 1. For an initial disassembly relation matrix P, denoted as
P0, find all its zero columns, select one of the columns (let’s
assume its column i), replace all elements in row i to zero, and
record all the changed numbers (the number corresponding to
a certain connection relation), it means that component i is the
first to be disassembled, and at the same time we get a new
matrix P2.
Step 2. Find all zero columns of matrix P1, select one of the
columns (let’s assume its column j) and replace the element in
row j with zero, record all the changed numbers. Then
component j is the second to be disassembled and we get a
new matrix P2.
Step 3. Repeat the above operation until all the elements of
matrix P become 0, then a disassemble path is generated.

Optimization Process
Frame-Subgroup Structure
First, we define a component relationship.

Independent: there is no disassembly precedence relationship
and connection relationship between the two components. This
relationship is shown on the disassembly relationship hybrid
graph as: there is no edge between node i and node j, and
this relationship is shown on the disassembly relationship
matrix as aij � aji � 0.

Then define a set of components.
The frame-subgroup structure: the structure is a group

components in the assembly, which meets the following
conditions:

(1) In this group, there is one and only one component has
connection relationships and precedence relationships with
all other components, and the component is called the frame.

(2) All components except the frame are independent of each
other, these components are called subgroups.

In engineering practice, in order to ensure that the assembly is
compact, various independent components are usually
constrained to a frame structure with qualified strength. Thus,
the frame-subgroup structure is very common. A typical example
is the printed circuit board, various electronic components on the
board are subgroups, and the board carrying the electronic
components is the frame.

Application of Frame-Subgroup Structure in
Disassembly Sequence Planning Problem
The frame-subgroup structure has some excellent properties
in the practice of DSP. The frame-subgroup structure can be
simply described by Figure 3. Obviously, the components 1,
2, 3, ... , n in the figure are subgroups, and the component n+1
is frame. When disassembling the structure shown in
Figure 3, the component n+1 is the last one to be
disassembled, and the disassembly sequence of the
previous n components is not limited. Then the feasible
disassembly sequence is the full permutation of these n
components, that is An

n � n!.
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After frame-subgroup structure is introduced, the structure is
regarded as a whole, which will bring a lot of convenience for
solving the DSP problems. Suppose the components numbered
x1, x2, . . . , xn+1 in an assembly form a frame-subgroup structure.

We can introduce notation (x1, x2, . . . , xn+1) to represent n!
disassembly sequences of the structure, for example, put this
notation in disassembly sequence like this: b1, b2, . . . bm (x1,
x2, . . . , xn+1), c1, c2, . . . , ck, it not only can be used to replace n!
disassembly sequences, but also represents a subset of the solution
space, which can be called a sub-solution space. Thus this work
not only realizes the division of the disassembly space, but also
simplifies the expression of disassembly sequence.

The Continuity of Disassembly Sequence of
Frame-Subgroup Structure
For the n! disassembly sequences indicated by the notation
(x1, x2, . . . , xn+1), we can sort these n! sequences from small to

FIGURE 2 | A approach to generate the disassembly relationship matrix.

FIGURE 3 | A simplified frame-subgroup structure.

FIGURE 4 | Inverse Cantor expansion.
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large according to the number of components. For a simple
example, when n � 3, there are six disassembly paths, the order of
all disassembly paths is: 1) x1, x2, x3, x4; 2) x1, x3, x2, x4; 3) x2, x1,
x3, x4; 4) x2, x3, x1, x4; 5) x3, x1, x2, x4, 6) x3, x2, x1, x4.

As a matter of fact, the one-to-one correspondence between
these n! sequences and positive integers sequence 1, 2, . . ., n! can
be constructed by Cantor expansion and its inverse operation.

According to Cantor expansion, the order X of a disassembly
sequence xu1, xu2, . . ., xui, . . ., xun (ui ∈ {1, 2, . . ., n}) is calculate by
formula 2.

X � an(n − 1)! + an−1(n − 2)! + . . . + a10! (2)

where, an+1−imeans among the components that do not currently
appear, the amount of components whose subscript ui is smaller
than the subscript of the component i of the disassembly
sequence.

Since the Cantor expansion is a one-to-one mapping, its
inverse operation can be obtained, that is, we can find the
sequence ranked X in the permutations. Inverse Cantor
expansion is shown in Figure 4.

By using Cantor expansion, the one-to-one correspondence
between these n! sequences and positive integers 1, 2, . . ., n! have
been constructed. It means that the disassembly sequences on the
sub-solution space b1, b2, . . . , bm (x1, x2, . . . , xn+1), c1, c2, . . ., ck is
continuous, and the optimization problem on this sub-solution
space can be transformed into the optimization problem on
continuous positive integer 1, 2, . . ., n!.

Frame-Subgroup Structure Combined With Genetic
Algorithm to Solve Disassembly Sequence Planning
Problem
Using the frame-subgroup structure and the genetic algorithm,
this paper gives a new idea to solve DSP problem. First we find the
frame-subgroup structure inside the assembly, and treat them as a
whole, and obtain several disassembly sequences like this b1, b2,
. . . , bm (x1, x2, . . . , xn+1), c1, c2, . . . , ck. This is equivalent to
dividing the solution space into several unrelated sub-solution
spaces. In each sub-solution space, the DSP problem can be
transformed into optimization problem on continuous positive
integer sequence 1, 2, . . . , n!. By doing so, the genetic algorithm
can be easily introduced to solve the problem. Finally, by
comparing the optimal solutions in each sub-solution space,
the final optimal solution can be obtained.

Since it is already a mature theory to use genetic algorithm to
find the optimal solution for a problem on a positive integer
sequence, this paper only introduces the encoding and decoding
methods of DSP problems in view of the particularity of DSP
problems.

The Encoding and Decoding Strategy
First expand the positive integers, 1, 2, . . . , n!, to the real number
interval [0, n!]. Then take a positive integerm such that 2^m < n!.
Use m-bit binary code as chromosome, it is equivalent to divide
the real interval [0, n!] into 2^m equal parts. Any m-bit binary
code also can refer to a real number in interval [0, n!] by using the
following approach.

For each m-bit binary chromosome substring, it refers to a real
number x is calculated by formula 3.

x � decimal(substring) × n!
2m − 1

(3)

In the formula, function decimal (substring) represents the
decimal number for the binary code substring.

For example, when n � 5, n! � 120, at this time 2^8 > 120, so
take m � 8, if an eight-bit binary code is 10001100, then the real
number it refers to is: x � decimal (10001100) × (120)/(2^8–1)
� 65.88.

Then we can round x up, i.e. [x]+1 (the [x] is floor function
which output the greatest integer less than or equal to x), and find
the disassembly sequence numbered [x]+1 by the inverse Cantor
operation. In summary, the process of encoding and decoding are
shown in Figure 5.

Fitness Function
The goal of this paper is to find the best disassembly sequence of
EVB under the condition of maximum disassembly benefit.

For a m-bit binary code, its corresponding disassembly
sequence can be found by using the above method. The
disassembly sequence is a sequence of n elements, indicating
the disassembly order of n components in the EVB. The
disassembly benefit of each path is different, and we take the
value of the revenue of each path as the fitness value of each
chromosome.

We have the following nomenclature.
x1, x2, . . . , xn: Disassembly sequence; Pi, i ∈ {1, 2, . . . , n}: The

ith disassembly relation matrix (according to the disassembly
sequence x1, x2, . . . , xn, their is n disassembly operations of each
disassembly sequence correspond to n different disassembly
relationship matrices).

Ri, i∈{1, 2, . . . , n}: Recycling revenue of each component.
L: The fixed cost of releasing each connection.
C: Time cost per minute.
Si: Number of connection relationships needs to be released by
operation i, Find the row xi of the disassembly relationship
matrix Pi, and Si equal to the amount of digits one and three in
that row.

Si � ∑
n

j�1
(Pi[xk][j] � 1)OR(Pi[xk][j] � 3)

Ti: Time required to complete operation i.
Tti: Transition time from operation i to operation i + 1. The
value of Tti depends on the distance between component xi and
component xi + 1, Find the distance between component xi
and component xi + 1 from the CAD model, and record as di.
Tti � coefficient × di.

Then the fitness value of each disassembly sequence x1, x2, . . .,
xn can be obtained by formula 4.
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f (x1, x2, . . . , xn) � ∑
n

i�1
Ri −∑

n

i�1
(L × Si + C(Ti + Tti)) (4)

The Model of Proposed Method
In summary, now we have established a complete theoretical model
to solve the DSP problem. Compared with the existing model, the
advantage of this model is that the solution space is divided into
continuous subspaces by using the proposed frame subgroup
structure, which simplifies the encoding, decoding, crossover, and
mutation process of genetic algorithm, and improves the efficiency
of the solution. The process of solving the DSP problem is shown in
the Figure 6. In the following text, we will apply the theoretical
model to analyze a case to prove the effectiveness of the model.

FIGURE 5 | The process of encoding and decoding.

FIGURE 6 | Proposed theoretical model for solving DSP problems.

FIGURE 7 | Exploded view of a EVB.

TABLE 1 | The components in the EVB.

Components number Denomination Quantity

1 Upper housing shell 1
2–16 Module 15
17 Frame 1
18 Safety device 1
19 Lower housing shell 1
20 Battery management controller (BMC) 1
21, 22 High voltage cable connector 2
23 Heat sink 1
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CASE STUDY

Basic Information of a Electric Vehicle
Battery
The EVB provided by partner enterprise was selected as the
case study in our research in order to verify the reliability and
effectiveness of the proposed method. It essentially comprises a
pack of 15 modules, a battery management controller (BMC), 2

high voltage cable connector, safety device, the cooling system
(heat skins) and a frame. More details of the EVB is shown in
the explode view (Figure 7), and its components is listed in
Table 1.

Disassembly Relationship Hybrid Graph
According to the exploded view of the EVB shown in Figure 7,
and the previous introduction about the disassembly relationship

FIGURE 8 | Disassembly relationship hybrid graph of components in the EVB.

FIGURE 9 | Disassembly relation matrix of components in the EVB.

Frontiers in Mechanical Engineering | www.frontiersin.org December 2020 | Volume 6 | Article 5766428

Ke et al. Disassembly of Electric Vehicle Battery

https://www.frontiersin.org/journals/mechanical-ngineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-ngineering#articles


hybrid graph, we can draw the disassembly relationship mixed
graph of the EVB as shown in Figure 8.

Disassembly Relation Matrix
According to the disassembly relationship hybrid graph in
Figure 8, we can get the disassembly relationship matrix of
the EVB as shown in the Figure 9.

Solution Space
By analyzing the CAD model, the disassembly relationship
hybrid graph and the disassembly relationship matrix of the
EVB, we found that 21 components numbered from 2 to 17 and
from 19 to 23 meet the definition of the frame-subgroup
structure, among them, component 17 is a frame, and the
remaining components are subgroups. At the same time, we
found that to disassemble the EVB, firstly, we need to
disassemble component 1, then disassemble component 18,
and finally disassemble the above frame-subgroup structure.
So the solution space in this case is relatively simple, it can be
recorded as 1, 18 (2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 19,
20, 21, 22, 23, 17). According to the theory described above,
there are 20! (about 2.4 × 1018) disassembly sequences in the
solution space.

Using Genetic Algorithm to Solve This
Problem
Encoding and Decoding
In this case, there are 20! (about 2.4 × 1018) feasible disassembly
sequences in the solution space. We can construct one-to-one
correspondence between these 20! disassembly sequences and
positive integers, 1, 2, . . ., 20!, by Cantor expansion and its inverse
operation.

Because 20! < 262, we use 62-bit binary code as chromosome
to represent disassembly sequences. For a 62-bit binary
code substring, use formula 2 to find the corresponding
disassembly sequence number x, in this case that is
x�1 + [decimal (substring) × (20!)/(262 − 1)], then the
corresponding disassembly sequence can be found by using
the inverse Cantor expansion.

Initial Population
In this case, the initial population is set to 20 chromosomes. We
randomly generate 20 62-bit binary codes as the initial

chromosomes, and use the above decoding operation to obtain
the disassembly sequence corresponding to the chromosome.

Fitness Function
The fitness function value of a disassembly sequence x1, x2, . . .,
x23 can be obtained by substituting the values of the following
parameters into formula 4.

Ri, i∈{1,2, . . . ,23}: Recycling revenue of each component is
listed in the Table 2.
L: Since the connections in this case are all screw connections, L
is a constant of 50 CNY.
C: C � 10 CNY/min.
Ti: in this case the time to release each connection is 0.5 min.
Ti � 0.5×Si (CNY).
Tti: Tti � 0.1×di (CNY).

Selection Operator
The selection operator is to select a better quality chromosome
from the current population to inherit to the next generation. In
this case, the strategy is roulette (Ren et al., 2019), it is based on
the fitness value of chromosome. The higher the fitness value, the
higher the probability of the chromosome being retained. The
probability of the chromosome is retained is formulate in
formula 5.

P(Ui) � Eual(Ui)
∑Popsize

j�0 Eual(Uj) (5)

where the Ui means a disassembly sequence, and function
Eual(Ui) means the fitness value of the disassembly sequence Ui.

Crossover
Select two 62-bit binary chromosomes as parents, randomly
assign a position of the chromosome, and then exchange the
right end parts of the two parent chromosomes to generate
children. Take the crossover rate as Pc � 0.9.

Mutation
The mutation operation is applied to the gene of 62 binary
chromosomes, that is, if the gene is 1, the mutation is 0, and
if the gene is 0, the mutation is 1. The probability of each gene
mutation is equal, take the mutation rate as Pm �0.01. That is to
say, it is hoped that 1% of genes will mutate on average. In this

TABLE 2 | Recycling revenue of each component in the EVB.

Components number Denomination Quantity Total revenue (CNY)

1 Upper housing shell 1 50
2–16 Module 15 2,100
17 Frame 1 100
18 Safety device 1 500
19 Lower housing shell 1 100
20 Battery management controller (BMC) 1 1,000
21, 22 High voltage cable connector 2 200
23 Heat sink 2 50
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case, there are 62 × 20 � 1240 genes in each generation, i.e., 12.4
genes are mutated on average in each generation.

Result
After the mutation operation, the next generation population is
generated, then evaluate the fitness of new population, and so
far, the operation of the first generation is completed, then
iterate 100 more times. After performing 10 separate
optimizations for this case, the one with the best fitness
performance is selected, and the final optimal disassembly
sequence is “1, 18, 22, 21, 2, 3, 4, 5, 9, 8, 7, 6, 10, 11, 12, 13,
16, 15, 14, 19, 20, 23, 17,” the fitness value is: 3511.2. This means
following this disassembly sequence, the dismantling income
should be 3511.2 in theory.

Comparison
An inevitable problem in the traditional genetic algorithm to
solve the DSP problem is that complex crossover and mutation
methods need to be carefully designed to ensure that the
generated sub-chromosomes are still in the solution space.
However, because of the introduction of the frame-subgroup
structure in this paper, the problem of optimizing in the
solution space, which formed by all the disassembly
sequences, is transformed into the problem of optimizing on
continuous positive integers. Compared with the traditional
genetic algorithm for solving DSP problems, this method not
only simplifies the optimization space, but also can directly
uses mature coding, decoding, crossover, and mutation
theories to solve the problem. Therefore, the method
proposed in this paper simplified the calculation process of
genetic algorithm, and should have certain advantages in
solving such problems.

Aiming at the problem of EVBDSP with the goal of maximizing
disassembly benefit, we compared the method proposed in this
paper with the method of traditional genetic algorithm proposed by
Tseng et al. (2018). However, the optimization goal of Tseng et al. is
the minimum disassembly time, in order to ensure the
comparability of the results, in both methods, we use the same
fitness function in Selection Operator to obtain the disassembly
sequence with the largest disassembly benefit.

At the same time, in both methods, we select the same
crossover rate as Pc � 0.9, and the mutation rate as Pm �
0.01, and the number of iterations is 100. Due to the
randomness of the genetic algorithm, we have run the two
methods separately ten times, and selected the best one
among them.

Part of the results of the two methods are shown in Table 3.
The disassembly sequence generated by the comparison method

is “1, 18, 22, 21, 16, 15, 14, 10, 11, 12, 13, 9, 8, 7, 6, 2, 3, 4, 5, 19, 20,
23, 17,” with the fitness value of 3506.7, which is very close to the
method proposed in this paper. And the main difference between
the two methods lies in disassembly sequence of the modules
(components numbered 2–16), as shown in Figure 7, they gather
in the middle part of EVB, and their disassembly sequence has
little effect on the dismantling revenue. We record the best fitness
value every 10 iterations, the relationship between fitness value
with iterations of two methods are shown in Figure 10.

As shown in Figure 10, the abscissa is the number of
iterations, and the ordinate is the optimal fitness value. It can
be seen from Figure 10 that the method proposed in this paper
converges to the maximum fitness value earlier, and both of the
twomethods was run on a computer with Intel Core i5 6,500 CPU
at 3.2 GHz and 8 G RAM. It takes 15.3 s to generate the optimal
disassembly sequence with the method proposed in this paper,
and takes 25.9 s with the method of Tseng et al. Based on the
above results it proved that the method proposed in this paper has
certain advantage in solving the problem.

Experiment Works
Based on the above case study and the comparison with existing
methods. We carried out three groups of disassembly
experiments by the same skilled workers. In the first group,
workers decide the disassembly sequence of the components
themselves, thus there were no fixed disassembly sequence,
which is also a common method utilized by resource recovery
enterprises in EVB disassembly. In the second group, EVB was

TABLE 3 | Part of the results of the two methods.

Disassembly sequence Fitness value/CNY Computation time (s) Convergence at/iteration

Traditional genetic algorithm “1, 18, 22, 21, 16, 15, 14, 10, 11, 12,
13, 9, 8, 7, 6, 2, 3, 4, 5, 19, 20, 23, 17”

3496.7 25.9 80

Frame subgroup structure combined
with genetic algorithm

“1, 18, 22, 21, 2, 3, 4, 5, 9, 8, 7, 6, 10,
11, 12, 13, 16, 15, 14, 19, 20, 23, 17”

3511.2 15.3 60

FIGURE 10 | The comparison with other algorithm.
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disassembled by workers following the disassembly sequence
generated by traditional genetic algorithm, and the third group
following the disassembly path generated in this paper. Three
separated experiments were carried out in each group, the average
value of three experiments was selected as the experimental
results.

Since the components obtained from each disassembly sequence
are the same, the total value of these component is fixed (show in
Table 2), thus, the main factor affecting the disassembly benefit lies
in the disassembly time of each sequence. In this experiment, the
benefit of each disassembly sequence is equivalent to the total value
of these components minus the disassembly time multiplied by the
worker’s wages per unit time. Brief results of the experiment works
are shown in Table 4.

The experimental results show that the disassembly sequence
generated by the two theoretical models are significantly better than
the conventional method utilized by resource recovery enterprises
in terms of disassembly benefit and disassembly time, and there is
only a small difference between the two methods. However,
according to the previous statement, the advantage of the
method proposed in this paper is it can get the result faster.

CONCLUSIONS AND DISCUSSIONS

This paper proposes a new method of frame subgroup structure
combined with genetic algorithm to solve disassembly sequence
planning problems with the aim of maximizing disassembly
income. Firstly, this paper proposes an improved disassembly
relationship hybrid graph and disassembly relationship matrix to
clearly describe the disassembly priority relationship and
connection relationship between components in the assembly.
Secondly, this paper defines the frame-subgroup structure for the
first time, and found that the disassembly sequences of this
structure can be mapped one by one with positive integer
sequence through Cantor expansion. The optimization
problem in the solution space composed of all disassembly
sequences can be transformed into the optimization problem
in the positive integer sequence, which simplifies the optimization
process. Thirdly, based on the properties of the frame subgroup
structure, combined with genetic algorithm, this paper gives a
new method to solve the DSP problem. Unlike traditional genetic
algorithms for solving DSP problems, based on the proposed
frame subgroup structure, this method simplifies the process of
encoding, decoding, crossover, andmutation, which improves the
efficiency of solving the problem. Finally, the feasibility of the
method is verified by the case of the EVB, and the comparison
with exist algorithm and related experiments proves that the
method is superior in solving the problem.

The theory proposed in this paper has wide applicability, it can
solve many disassembly sequence planning problems. For
example, in the condition that most of the components inside
the assembly from a frame-subgroup structure which proposed in
this paper, such as when the EVB, car engine, and printed circuit
board, etc. are going to be disassembled, the method proposed
can get better results with higher efficiency. However, the above
method still has certain limitations, when there is no frame-
subgroup structure or only a few components form the frame-
subgroup structure, this method does not have a particularly
significant effect, which needs further study to solve this problem.

The most innovative idea of this paper is start the DSP
research from the structure of EVB, but not to find a
generalization algorithm. And, the result of this research
proves that the proposed framework subgroup structure has
certain advantages in solving the maximum benefit of EVB
disassembly. There will still be other related structures with
other excellent disassembly properties worth further study to
make up for the limitations of existing methods and to help
solving similar problems. Moreover, this paper only introduced
the combination of proposed frame structure with genetic
algorithm, and the application with other meta heuristic
algorithms still needs comprehensive research.
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TABLE 4 | Brief results of the experiment works.

Time spent on disassembly/min Revenue/CNY

Conventional method utilized by resource recovery enterprises 71.4 3,386
Traditional genetic algorithm 63.2 3,468
Frame subgroup structure combined with genetic algorithm 62.8 3,472
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