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Abstract Remanufacturing route optimization is crucial
in remanufacturing production because it exerts a con-
siderable impact on the eco-efficiency (i.e., the best link
between economic and environmental benefits) of rema-
nufacturing. Therefore, an optimization model for rema-
nufacturing process routes oriented toward eco-efficiency
is proposed. In this model, fault tree analysis is used to
extract the characteristic factors of used products. The
ICAM definition method is utilized to design alternative
remanufacturing process routes for the used products.
Afterward, an eco-efficiency objective function model is
established, and simulated annealing (SA) particle swarm
optimization (PSO) is applied to select the manufacturing
process route with the best eco-efficiency. The proposed
model is then applied to the remanufacturing of a used
helical cylindrical gear, and optimization of the remanu-
facturing process route is realized by MATLAB program-
ming. The proposed model’s feasibility is verified by
comparing the model’s performance with that of standard
SA and PSO.

Keywords remanufacturing, process route optimization,
eco-efficiency, simulated particle swarm optimization
algorithm, IDEF0

1 Introduction

China’s equipment assets amount to several trillions of
RMB. Applying remanufacturing technology to 10% of

scrapped equipment to form new products can provide
numerous economic and social benefits. Large amounts of
waste resources cause unpredictable damage to the
ecological environment. These conditions have resulted
in a broad market space for the emerging remanufacturing
industry [1]. Compared with new product manufacturing,
remanufacturing can prolong the service life of products by
multiple times, maximize the available value of used
products, produce nearly no solid waste, and reduce
atmospheric pollutant emissions by more than 80% [2].
Moreover, the development of the remanufacturing
industry has been conducive to reducing the intensity of
greenhouse gas emissions [3–5]. However, the realization
of these advantages largely depends on the optimization of
the remanufacturing process route.
The remanufacturing process route refers to the process

of reconditioning used products. Optimization of the
process route is important in improving the environmental
benefits, economic benefits, eco-efficiency, and perfor-
mance of remanufactured products [6,7]. Li et al. [8]
constructed an optimization model for the remanufacturing
process route; the model is based on an improved fuzzy
neural network. Golinska-Dawson et al. [9] used a grey
decision-making evaluation method to assess the sustain-
ability of remanufacturing process routes. Subramoniam
et al. [10] established an optimization model of the
remanufacturing process route on the basis of an extensive
literature review and verified that the optimization model
can also be applied to other industries. These methods have
provided vital contributions to the research on remanu-
facturing process route optimization (e.g., those on fuzzy
neural networks and grey decision-making evaluation), but
few scholars have studied the uncertainty of the remanu-
facturing process route.
Given that the qualities of recycled used products differ,

the remanufacturing process is full of uncertainty; conse-
quently, the eco-efficiency of remanufacturing is also
uncertain. The uncertainty of a process route considerably
increases the difficulty of remanufacturing process route
optimization. Wang et al. [11] overcame the uncertainty of
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a process route based on failure characteristics, but the
quality status of used products was not fully expressed by
the failure characteristics. Aside from failure character-
istics, other characteristic factors, such as material
characteristics, surface hardness, and processing accuracy,
exist [12]. Therefore, these characteristic factors can be
used to characterize the quality status of used products
comprehensively.
Fault tree analysis (FTA) and the ICAM definition

method (IDEF0) are utilized in this study to analyze the
characteristic factors of used products, establish the
relationship between the characteristic factors of such
products and the process route, and adapt to the uncertainty
of the remanufacturing process route. FTA can directly and
clearly express the direct and indirect basic causes of
events in systems engineering and natural sciences with
logic diagrams [13]. Hence, it is used to extract the
characteristic factors of used products. IDEF0 can
accurately describe the functional activities of systems
and the relationship between them by using simple
graphical symbols and natural language [14]. This
capability enables remanufacturing enterprises to generate
remanufacturing process routes accurately by using
IDEF0. Therefore, optional process routes can be obtained
based on IDEF0 after the characteristic factors of the used
products are determined. Afterward, an appropriate
objective function is needed to optimize the acquired
process routes.
Many scholars have studied the objective function

selection of remanufacturing process route optimization
to address different needs. For example, Jiang et al.
[15] established a remanufacturing process route optimiza-
tion theory by evaluating the failure type, failure location,
and failure degree of used components to optimize
reliability and cost. Given that countries pay increasing
attention to environmental issues, setting cost, time,
and other factors as objective functions does not meet
the current requirements of environmental protection.
Environmental and economic benefits were considered
in process route optimization in Ref. [16]; however,
a weighting method was used to transform multiple
objectives into a single objective, thereby considerably
increasing the subjectivity in process route optimization.
The concept of eco-efficiency was proposed to reduce
such subjectivity. In 1990, Schaltegger and Krähenbühl
[17] introduced the concept of eco-efficiency, which is
the ratio of added value to increased environmental
impact. The concept of eco-efficiency has been widely
recognized and accepted through the book “Changing
Course: A Global Business Perspective on Development
and the Environment” that was published by the
World Business Council for Sustainable Development
(WBCSD) in 1992 [18]. Eco-efficiency can link three
indicators, namely, resources, economy, and environment,
and establish an optimal link between the best economic

objectives and the best environmental objectives
[19–22]. Therefore, optimizing the eco-efficiency of
remanufacturing can not only improve the economic
and environmental benefits of remanufacturing but also
reduce the subjectivity of multi-objective optimization.
The eco-efficiency function can thus be set as the objective
function of process route optimization after being
established.
What algorithm should be used to optimize the

remanufacturing process route after the objective function
is determined? The optimization algorithms currently used
to optimize remanufacturing process routes include genetic
algorithm, particle swarm optimization (PSO), evolution-
ary programming, and artificial bee colony. PSO is widely
implemented to solve various optimization problems due
to its advantages of easy implementation, high precision,
and fast convergence [23,24]. For example, Li et al. [25]
used multi-objective PSO to optimize the total cost and
carbon emissions in a remanufacturing process route. Chen
and Liu [26] proposed a modified PSO to optimize the
remanufacturing reverse logistics model.
These attempts to introduce PSO into remanufacturing

process route optimization have led to in-depth research on
process route optimization. However, PSO tends to fall
into local optima when handling complex problems [27].
The simulated annealing (SA) algorithm accepts new
solutions with probabilities [28], thus avoiding local
optima to some extent. Therefore, PSO and SA are
integrated into SAPSO in this study to optimize the
remanufacturing process route and effectively avoid falling
into local optima. Compared with other optimization
algorithms, SAPSO can comprehensively combine the
advantages of PSO and SA. This integrated algorithm can
be used to solve many optimization problems due to its
easy implementation, high accuracy, and acceptance of
new solutions with probabilities.
Previous research on remanufacturing process route

optimization has revealed the following main difficulties in
optimization: Dealing with the uncertainty of process
routes and determining the appropriate optimization
objectives. The innovations of this study are the following
points:
1) The quality uncertainty of used products is repre-

sented by characteristic factors instead of failure char-
acteristics. Compared with single failure characteristics,
characteristic factors can more comprehensively express
the quality conditions of used products.
2) Optional process routes are generated by the

characteristic factors of used products. FTA and IDEF0
are utilized to establish the relationship between character-
istic factors and process routes, thereby enabling adapta-
tion to the uncertainty of remanufacturing process routes.
3) The objective function of eco-efficiency is estab-

lished. Compared with traditional multi-objective optimi-
zation, the optimization of the eco-efficiency function can
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not only improve economic and environmental benefits but
also significantly reduce the subjectivity in process route
optimization.
4) SAPSO is used to optimize the objective function and

solve the single-objective optimization problem while
overcoming the limitations of PSO and SA.

2 Construction of a remanufacturing
process route optimization model

The manufacturing process route optimization model
oriented toward eco-efficiency consists of designing the
optional process routes and selecting the process route with
the best eco-efficiency. The specific process is shown in
Fig. 1.
In this flowchart, EEðxÞ represents the eco-efficiency

objective function. This optimization model is built
through the following steps:
Step 1: Obtaining the characteristic factors of the used

products. FTA is used to extract the characteristic factors of
the used products.
Step 2: Designing the optional process routes. IDEF0 is

used to design the optional process routes after the
characteristic factors of the used products are determined.
Step 3: Establishing the objective function. The

objective function of eco-efficiency is constructed in
accordance with the definition of eco-efficiency, and the
constraint function is established according to the
constraints.
Step 4: Generating the optimal process route. SAPSO is

used to select the process route with the optimal eco-
efficiency.

2.1 Characteristic factors of extracting used products

FTA is a top-down deductive failure analysis method that
combines low-order events with Brin logic to analyze
unwanted states in a system. It is mainly used to
understand the causes of system failure. Hence, FTA is
applied to analyze the failure causes of used products and
extract the characteristic factors leading to such failure.
Figure 2 shows the extraction of the characteristic factors
of used products by FTA.
In Fig. 2, X1, X2, ..., Xn denote the characteristic factors

corresponding to the failure form, i.e., Characteristic factor
1, Characteristic factor 2, ..., Characteristic factor n. The
failure of the used products represents an accident in FTA.
The various failure forms leading to the failure of the used
products denote the direct cause of the accident, and the
characteristic factors corresponding to each failure form
represent the basic event.

2.2 Optional process route generation

IDEF0 can be adopted to design optional process routes
after the characteristic factors of the used products are
obtained. At the beginning of the modeling, IDEF0 uses a
box and its interface arrow to represent the origin and
development of the whole system, as well as the internal
and external relations, as shown in Figure A-0 in Fig. 3.
Then the single module of the expression system is
decomposed into several sub-modules, which are repre-
sented by boxes, and the connections or interfaces between
sub-modules are represented by arrows. Each sub-module
can be divided into more detailed details, such as A0
shown in Fig. 3.

Fig. 1 Remanufacturing process route optimization flowchart.
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Fig. 2 Characteristic factors of used products.

Fig. 3 IDEF0 for the design of remanufacturing process routes.
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In Fig. 3, the content of the box is the function activity of
IDEF0. The arrow on the left side of the box is the input
required to complete the function activity. The arrow on
the right side of the box is the output after the function
activity is completed. The arrow on the top of the box is the
constraint in the process of implementing the function
activity, and the arrow on the bottom of the box is the
mechanism of the function activity (i.e., what is the
function activity accomplished by?). IDEF0 introduces the
ICOM code into the subgraphs to show the corresponding
relationship between the parent graphs and subgraphs
clearly. The specific methods are as follows. The beginning
of each boundary arrow in the subgraphs is represented by
the letters I (input), C (control), O (output), and M
(mechanism), and the relative position of the arrows in the
parent graph is represented by a number. The numbering
order is from top to bottom and from left to right. For
example, the control C1 represents the first control of the
A0 subgraph.
In this regard, IDEF0 is used to design the remanu-

facturing process routes of the used products. The process
is shown in Fig. 3.
As shown in Fig. 3, the function activity of this IDEF0

model is the design for the remanufacturing process route
of used products; the input needed to complete the function
activity includes the characteristic factors of the used
products and the process case base; the output after the
function activity includes the process route of remanufac-
turing; the constraint in the realization of the function
activity includes process and clustering constraints; and the
mechanism of functional activities includes process route
similarity and fuzzy mathematics.

2.3 Construction of the objective function

The objective function should be established as the basis
for selecting the best process route after feasible process
routes are obtained. The definition of eco-efficiency varies
slightly according to the level of the research object and the
research purpose. The WBCSD stated that the purpose of
studying eco-efficiency is to minimize environmental
impact and maximize value, and it defines eco-efficiency
as the separation between economic growth and environ-
mental pressure [29]. According to the characteristics of
remanufacturing, the economic benefits of remanufactur-
ing per unit environmental impact are defined as the eco-
efficiency of remanufacturing. A high index value signifies
considerable economic benefit of remanufacturing per unit
environmental impact. According to the definition of eco-
efficiency, the economic benefit and environmental impact
functions should be established before the eco-efficiency
function.
1) Construction of the economic benefit function
The economic benefit of remanufactured products is

equal to the price of products minus the cost of recycling
used products and the cost of the remanufacturing process.

Therefore, the economic benefit of remanufactured
products can be expressed by Eq. (1):

EB ¼ S –C –R, (1)

where EB represents the economic benefit function, S
denotes the price of remanufactured products, C denotes
the cost of remanufacturing process route, and R denotes
the cost of recycling used products.
The cost of the remanufacturing process route for used

products usually consists of the costs of machine tools,
cutting tools, and labor [30]. Therefore, the cost of the
process route can be calculated with Eq. (2). The total time
of the process route includes the time of mending and
cutting operations, and it can be calculated as Eq. (3):

C ¼
Xm

i¼1

Kiti þ
Xn

j¼1

ðLj þ TjÞ  tj þ Clt, (2)

t ¼
Xm

i¼1

ti þ
Xn

j¼1

tj, (3)

where i and j indicate the ith mending operations and the
jth cutting operations respectively, ti indicates the proces-
sing time of the ith mending operation, tj indicates the
processing time of the jth cutting operation, t represents the
total processing time of the process route, Ki represents the
processing cost of the ith mending operation per unit time,
Tj denotes the corresponding cutting operation processing
cost, Cl indicates the unit labor cost, and m and n represent
the numbers of mending and cutting operations, respec-
tively.
2) Construction of the environmental impact function
Liao et al. [31,32] believed that carbon emissions are

important in environmental impact assessment and used
them to assess the environmental impact of remanufactur-
ing. On this basis, carbon emissions are utilized to
represent the environmental impact of the remanufacturing
process route. The carbon emissions of the remanufactur-
ing process route can be expressed by the energy
consumption of remanufacturing multiplied by the carbon
emission coefficient. The energy consumption of the
reconditioning process of used products is mainly caused
by general equipment (e.g., equipment for mending and
cutting operations). Here, to simplify the calculation
procedure, the energy consumption of accessory equip-
ment (e.g., workbench and tool holder) is disregarded.
Thus, the environmental impact can be expressed as
follows:

EI ¼
Xm

i¼1

Pitiχ þ
Xn

j¼1

Pjtjχ, (4)

where EI denotes the environmental impact function,
χ represents the carbon emission coefficient, which
is 875 g/(kW∙h) [33], and Pi and Pj are the device
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power of the ith mending and the jth cutting operations,
respectively.
3) Construction of the eco-efficiency function
In accordance with the definition of remanufacturing

eco-efficiency and the previously established economic
benefit and environmental impact functions, the eco-
efficiency function can be expressed as follows:

EE ¼ EB

EI
¼

S –
Xm

i¼1

Kiti –
Xn

j¼1

ðLj þ TjÞtj –Clt –R

Xm

i¼1

Pitiχ þ
Xn

j¼1

Pjtjχ

: (5)

4) Constraint function
In general, if reconditioning of used products can be

performed, then the machine must be in a stable state. The
operating state of the machine can be reflected by the
output power of the machine. The following constraints
apply:

Pimin£Pi£Pimax, (6)

Pjmin£Pj£Pjmax, (7)

where Pimax and Pimin represent the maximum and
minimum power, respectively, of mending process equip-
ment when the equipment is in a stable operation, and Pjmax

and Pjmin are the maximum and minimum power,
respectively, of cutting process equipment when the
equipment is in a stable state.

2.4 Process route optimization based on SAPSO

SAPSO is needed to determine the optimal process route of
the objective function once the objective function of eco-
efficiency is established. SAPSO has the merits of SA and
PSO, thereby guaranteeing global search capability and
improving calculation accuracy. The implementation
process of SAPSO is shown in Fig. 4.
Pi and Pg represent individual and global extremes of

particles, respectively. In SAPSO, first, a group of particles
is coded. Second, a group of particles is initialized in the
solvable space. Third, the fitness function is used to
calculate the fitness value of particles, and Pi and Pg are
updated in accordance with the fitness value. Fourth, the
particle velocity and position are updated, and the SA
mechanism is introduced to the algorithm. Finally, whether
the maximum number of iterations has been reached or not
is determined. The details of SAPSO are shown in Fig. 5.
The SAPSO-based remanufacturing process route

optimization procedure is divided into 12 steps:
Step 1: Process operation coding: The remanufacturing

process operation is coded with numbers.
Step 2: Parameters and population initialization: The

following parameters are set: Inertia weight ω ¼ 0:9,

acceleration constants c1 ¼ c2 ¼ 2. The initial population
is generated randomly after parameter initialization. The
dimension of particles is set as the number of variables in the
eco-efficiency function, and the population size represents
the optimal range of remanufacturing process routes.
Step 3: Setting simulated annealing parameters: Initial

annealing temperature T = 10000 °C, lower temperature
limit T0= 0.01 °C, and temperature attenuation coefficient
α ¼ 0:9.
Step 4: Setting of particle position: The fitness value of

each particle is calculated with Eq. (4). Pi and Pg are set as
current and optimal particle positions, respectively.
Step 5: Determining whether the maximum number of

iterations has been reached or not: If it has been reached,
then Step 12 is implemented; otherwise, the next step is
executed.
Step 6: Updating of the position and particle

velocity: The position and velocity of the ith
particle in the n-dimensional space can be expressed as
xi ¼ ½xi1, xi1, :::, xin�T, and vi ¼ ½vi1, vi2, :::, vin�T. Dur-
ing the iteration, the particles update their speeds and
positions as follows:

vkþ1
id ¼ ωvkid þ c1r1ðPk

id – x
k
idÞ þ c2r2ðPk

gd – x
k
idÞ, (8)

xkþ1
id ¼ xkid þ vkþ1

id : (9)

where vkid and v
kþ1
id represent the d-dimensional component

of the velocity vector of particle i at the kth and (k+ 1)th
iterations, respectively, xkid and xkþ1

id represent the

Fig. 4 Implementation of SAPSO.
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d-dimensional component of the particle i position vector
at the kth and (k+ 1)th iterations, respectively, Pk

id
represents the best position experienced by the d-dimen-
sional component of the particle i position vector at the kth
iteration, Pk

gd represents the d-dimensional component of
the best position experienced by the particle swarm in the
solution space at the kth iteration, r1 and r2 are random
numbers in the range of [0, 1], other parameters (i.e., ω, c1
and c2) have been explained in Step 2.
Step 7: Updating of individual and global extrema: The

fitness of particles is compared with that of Pi, and the
optimum value is updated to Pi. The fitness of particles is
compared with that of Pg, and the optimal value is updated
to Pg.
Step 8: Calculation of the difference in fitness values: A

new position for a particle is generated randomly, and the
difference in fitness values (ΔC) between the old and new
positions is calculated.
Step 9: Introduction of the SA mechanism: A random

number r in the range of [0, 1] is generated. If ΔC < 0 or
r < min½1,expð –ΔC=tÞ�  , then the new location is
accepted, and the next step is performed; otherwise, Step
7 is executed again.
Step 10: Performance of cooling operation: T ¼ 0:9T .
Step 11: Checking if the maximum number of iterations

is reached: If it has been reached, then the next step is
implemented; otherwise, Step 6 is performed.
Step 12: Outputting of global extremum: Pg is outputted,

and SAPSO terminates.

3 Case study

Helical cylindrical gears are important parts of mechanical
equipment and vehicles. Remanufacturing failed helical
cylindrical gears is favorable because it improves produc-
tion efficiency and reduces production costs. The follow-
ing is a detailed description of the process route
optimization of remanufacturing a used helical cylindrical
gear in a factory.

3.1 Analysis of characteristic factors of used helical
cylindrical gear

After cleaning and testing, the failure form and corre-
sponding characteristic factors of the used helical cylind-
rical gear are obtained by FTA. Failure characteristics (F),
material characteristics (M), surface hardness (C), and
processing accuracy (P) are shown in Fig. 6.

3.2 Optional remanufacturing process routes generation of
the used helical cylindrical gear

IDEF0 can be used to obtain optional process routes after
the characteristic factors of the used helical cylindrical gear
are acquired. The specific implementation process is
shown in Fig. 7. The A-0 chart in Fig. 7 shows
the remanufacturing process route design system based
on IDEF0. The system includes mechanism (i.e.,
process route similarity degree), control (i.e., process
constraint), input (i.e., process case base, characteristic
factors) and output (i.e., remanufacturing process route).
The A0 diagram in Fig. 7 is intended to better interpret
and refine the A-0 diagram, which includes four steps:
Process contrast and retrieval, local similarity degree
determination, overall similarity degree calculation,
optional process routes generation. The A0 diagram
include mechanism (e.g., expert experience in manufactur-
ing, AHP method), control (e.g., weight constraint, process
constraint), input (e.g., process case base, characteristic
factors of the used helical cylindrical gear), and output
(optional process routes).
Sim Function in Fig. 7 represents the similarity function.

The 10 optional process routes obtained in Fig. 7 have a
total of 6 process operations. At the same time, these

Fig. 5 Flowchart of remanufacturing process route optimization
based on SAPSO.
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Fig. 6 Characteristic factor analysis of the used helical cylindrical gear. (F1, M1, C1, P1), (F2, M2, C2, P2), and (F3, M3, C3, P3) denote
(moderate wear, cast iron, 46HRC, IT7), (moderate crack, cast iron, 50HRC, IT5), and (mild crack, cast iron, 46HRC, IT7), respectively.

Fig. 7 IDEF0 for remanufacturing process route design of the used helical cylindrical gear.
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process operations are numbered to adapt to the operation
of the algorithm: Turning: 01; soldering: 02; rough
grinding: 03; accurate grinding: 04; surfacing: 05; cold-
welding: 06. The details of the 10 process routes in Fig. 7
can be seen in Table 1.

3.3 Optimized process route of SAPSO

After the optional process routes are generated (Table 1),
SAPSO can be used to identify the process route with the
maximum eco-efficiency via MATLAB 2016b program-
ming.
The parameters in Eq. (4) are provided by the

remanufacturer, in which Cl ¼ 38 CNY/h, S ¼ 25 CNY,
and R ¼ 3 CNY. The operating parameters of SAPSO are
set as particle dimension = 2, population = 50, and itera-
tions = 100. Tables A1 and A2 present remanufactured
mechanical equipment information and tool information,
respectively, which are provided by the remanufacturing
factory. The eco-efficiency of helical cylindrical gear
remanufacturing can be obtained from the information
shown in Tables A1 and A2 after the SAPSO algorithm is

optimized. In addition, machines E-001, E-002, E-003, and
E-006 contain tools T-001, T-002, T-003, and T-004,
respectively, and perform cutting operations. Machines
E-004 and E-005 do not contain tools and perform
mending operations. The equipment that performs the
process operation is determined by the function of the
equipment, and several of the machines have various
functions. For example, E-001 can complete process
operations 03 and 06 simultaneously. The specific
information is listed: E-001: 03 and 06; E-002: 04;
E-004: 05; E-005: 02; E-007: 01.
The optimal process route and its details are obtained by

running the SAPSO program in accordance with the
initialization information and constraints and with the
operation parameters set by the SAPSO algorithm. A
comparison of the used helical cylindrical gear before and
after remanufacturing is shown in Fig. 8.

3.4 Comparison of optimization results

To highlight the advantages of SAPSO, the remanufactur-
ing of the used helical cylindrical gear is still regarded as
an example, and PSO and SA are set as the comparison
algorithms. PSO has fast convergence and high calculation
accuracy. SA can effectively escape local optima by
simulating the principle of metal annealing. PSO and SA
have been widely used in various optimization problems
because of these advantages. The running results of the
three algorithms are given in Table 2. The goal of the
experiments is to optimize eco-efficiency. PSO and SA are
executed with MATLAB 2016b programming on the same
PC, and the parameters of PSO and SA are the same as
those in the previous section. Figure 9 shows the iterative
convergence curves optimized with SA, PSO, and SAPSO,
respectively.
Figures 9(a) and 9(b) show that the optimal solutions

obtained by SA and PSO are 12.868 and 11.105,
respectively. PSO easily falls into the local optimum with

Table 1 Optional process route information of the used helical
cylindrical gear

Code Process route

R1 01! 02! 03! 04! 05! 06

R2 06! 02! 03! 04! 05! 01

R3 01! 06! 03! 04! 05! 02

R4 05! 02! 03! 04! 01! 06

R5 01! 05! 03! 04! 02! 06

R6 01! 03! 04! 02! 05! 06

R7 06! 03! 04! 02! 05! 01

R8 01! 06! 05! 03! 04! 02

R9 05! 02! 01! 06! 03! 04

R10 01! 05! 02! 06! 03! 04

Fig. 8 Used cylindrical helical gear (a) before and (b) after remanufacturing.

Table 2 Optimization results of algorithms

Algorithm Process route Maximum iterations Optimal eco-efficiency value

SAPSO 05! 02! 03! 04! 01! 06 32 13.379

PSO 01! 02! 03! 04! 05! 06 54 11.105

SA 01! 05! 02! 06! 03! 04 77 12.868
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respect to SA during optimization. The maximum numbers
of iterations for PSO and SA are 54 and 77, respectively.
Therefore, the convergence speed of PSO is higher than
that of SA on the whole. Figure 9(c) reveals that the
optimal solution obtained by SAPSO is 13.379, and the
number of iterations required to obtain the optimal solution
is 32. Therefore, SAPSO has a better convergence rate than
the two compared algorithms and is closer to the optimal
solution. The trend of the curve in Fig. 9 show that after the
SA mechanism is introduced to PSO, the local optimum
can be escaped from in the early stage of convergence, and
the overall convergence speed of the convergence curve is
improved.
Overall, the results of algorithm optimization verify that

SAPSO is more suitable for remanufacturing process route
optimization than SA and PSO.

4 Conclusions and prospects

An optimization model for remanufacturing process routes
oriented toward eco-efficiency is proposed to study
remanufacturing process route optimization from the
perspective of eco-efficiency. The model includes extrac-
tion of characteristic factors, construction of the objective
function, generation of feasible process routes, and

optimization of process routes. First, FTA is used to
extract the characteristic factors. Second, the eco-effi-
ciency function is established by defining remanufacturing
eco-efficiency. Third, IDEF0 is applied to design the
optional process routes. Finally, SAPSO is utilized to
identify the optimal process route, and the remanufacturing
of a used helical cylindrical gear is regarded as an example
to verify the feasibility of the proposed model.
Generally, remanufacturing process route optimization

for optimal eco-efficiency is more comprehensive and
objective than other optimization goals. If the eco-
efficiency function is not the objective function, then the
selected optimal process route cannot fully exploit the
remaining added value of the used components. SAPSO
can be adopted to quickly generate the process route with
the maximum eco-efficiency after establishing the objec-
tive function of eco-efficiency. However, certain factors,
such as changes in reconditioning process operation and
machine processing capacity, are excluded in the optimiza-
tion process. This exclusion may lead to several limita-
tions. How to consider these factors during optimization
will be the focus of future research.

Appendix

Fig. 9 Convergence curve of (a) SA, (b) PSO, and (c) SAPSO.

Table A1 Mechanical equipment information for the remanufacturing process

Equipment code Equipment name Equipment type Manufacturer Power/kW Cost/(CNY∙h–1)

E-001 (T-001) Microelectronic component
automated spot welder

WL-C-1K Guangdong Huashi Technology
Co., Ltd.

1.52 1.73

E-002 (T-002) Pulse fast cold and spot
welding equipment

SDHB-2 Shanghai Shanda Electronic
Technology Co., Ltd.

1.50 1.82

E-003 (T-003) Digital automatic surface
grinder

M820AHS Yancheng Dafeng District
Ruihua Machinery Manufacturing

Co., Ltd.

14.50 11.00

E-004 Hydraulic internal and external
cylindrical grinding machine

M1420H/F�500 Shanghai Zhouying Machine
Tool Manufacturing Co., Ltd.

9.00 6.30

E-005 Circling turning blade CNC
grinding equipment

EMGE-SKMDJ Suzhou Yimai Trading Co., Ltd. 3.40 4.10

E-006 (T-004) Horizontal lathe CA6180C Tengzhou Luzhong Machine
Tool Co., Ltd.

1.80 2.10
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