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Abstract: With the development of China’s express delivery industry, the number of express pack-
aging has proliferated, leading to many problems such as environmental pollution and resource
waste. In this paper, the process of reverse logistics network design for express packaging recycling is
given as an example in the M region, and a four-level network containing primary recycling nodes,
recycling centers, processing centers, and terminals is established. A candidate node selection model
based on the K-means algorithm is constructed to cluster by distance from 535 courier outlets to
select 15 candidate nodes of recycling centers and processing centers. A node selection model based
on the NSGA-II algorithm is constructed to identify recycling centers and processing centers from
15 candidate nodes with minimizing total cost and carbon emission as the objective function, and a
set of Pareto solution sets containing 43 solutions is obtained. According to the distribution of the
solution set, the 43 solutions are classified into I, II, and III categories. The results indicate that the
solutions corresponding to Class I and Class II solutions can be selected when the recycling system
gives priority to cost, Class II and Class III solutions can be selected when the recycling system gives
priority to environmental benefits, and Class III solutions can be selected when the society-wide
recycling system has developed to a certain extent. In addition, this paper also randomly selects a
sample solution from each of the three types of solution sets, conducts coding interpretation for site
selection, vehicle selection, and treatment technology selection, and gives an example design scheme.

Keywords: express packaging; green reverse logistics; reduce carbon emissions; K-means algorithm;
bi-objective model; NSGA-II algorithm

MSC: 93-10

1. Introduction

In recent years, to promote the high-quality development of green couriers, green
transportation, green consumption, and other areas, the concept of saving has been deeply
rooted in people’s hearts; green low-carbon mode of production and lifestyle is accelerating
the formation. The report of the 20th National Congress of the Communist Party of China
proposed to “accelerate the green transformation of the development mode”, and such
measures are especially evident in the express delivery industry. The 2021 government
work report clearly pointed out that we should strengthen the construction of urban
and rural circulation systems, especially to speed up e-commerce and express into the
countryside, and expand consumption at the county and township level, which is the
eighth time “express” was included in the government work report. According to the
National Bureau of Statistics data, China’s 2011–2021 express business volume increased
significantly (see Figure 1). At the same time, along with the in-depth implementation of
the new development pattern strategy, China’s express industry will certainly enter a new
stage of development shortly, bringing a new round of growth in the volume of express
business and its revenue [1–4].
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The monitoring data of the State Post Bureau showed that the country received 569 mil-
lion express parcels on the Double Eleven, an increase of 28.54% year-on-year. However,
the rapid development of the express industry has also brought about many social and
environmental problems; especially the environmental pollution, management chaos, and
waste of resources caused by express packaging waste are increasingly obvious [5–7]. Data
show that in China’s megacities, the increment of express packaging waste has accounted
for 93% of the increment of domestic waste, and in some large cities 85% to 90%. How
to effectively manage courier waste has become an urgent environmental problem to be
solved. The main problems are manifested in the following areas.

(1) The phenomenon of excessive packaging of express products. The problem is more
common in the current courier industry because the first impression of consumers
on the courier packaging directly affects the entire shopping experience, and the
contribution of consumer shopping satisfaction is greater, so e-commerce merchants
in the delivery of goods based on basic protective protection, usually increase the
protective measures to avoid damage and other situations in transit [8–10].

(2) Some of the courier packaging used in the production of materials with poor envi-
ronmental performance, resulting in packaging waste that is difficult to naturally
degrade. The common airbag foam padding, tape, and black bags made of PVC and
other materials in courier packaging degrade slowly under natural conditions and
produce a lot of toxic and harmful substances when incinerated [11].

(3) The existing courier packaging has a low degree of standardization and a low reuse
rate. The development of express packaging standards involves many aspects, such
as packaging materials, filler materials, size specifications, plastic sealing methods,
marking, and inspection methods. Low standardization will, on the one hand, reduce
logistics efficiency, reduce the management level and quality of logistics services, and
increase unnecessary costs, and on the other hand, reduce packaging mobility, narrow
the scope of application, increase the difficulty of coordinating the use of express
packaging, and make the overall recycling rate lower [12].

(4) The overall recycling rate of express packaging is low. A related research study shows
that the actual recycling rate of cardboard and recyclable plastic in China in a year is
less than 10%, and the overall courier packaging recycling rate is less than 20%. In
some densely populated cities, the incremental amount of courier packaging waste
accounts for more than 90% of the total incremental amount of domestic waste.
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(5) The reverse logistics system of express packaging recycling is not sound, and sys-
tematic scientific planning guidance is missing, manifested by the lagging work of
express packaging classification, the confusion of social recycling channels and the
low degree of specialization of treatment methods, the inadequacy of institutional
mechanisms of relevant enterprises and government departments, the lack of laws and
regulations and policy support, and the low enthusiasm of consumer participation in
recycling [13–16].

Promoting the green transformation of express packaging, solving the bottlenecks
faced by the industry, and achieving the sustainable development of the express industry is
a complex and long-term systemic project that requires the participation and joint efforts
of experts from different fields and different industry sectors [17]. In response to the
above-mentioned problems in the express delivery industry, scholars have studied express
packaging recycling from different perspectives.

In terms of site selection, Harsaj proposed a fuzzy multi-objective optimization model
that quantifies three aspects simultaneously: economic, environmental, and social, and
solved it using an improved particle swarm algorithm (PSO), and finally validated the
model with a medical syringe recycling system [18]. Gao proposed a reverse logistics
network design scheme based on a forward logistics network, and constructed an optimiza-
tion model based on a multi-objective scenario with the objective functions of maximizing
the expected total monetary profit, minimizing the expected total carbon emission cost,
and maximizing the expected total job creation, and transformed it into a single-objective
model to finally obtain the Pareto-optimal solution, and finally validated the effectiveness
by using tires as an example [19]. Nie studied the supply chain configuration problem,
constructed a mixed integer linear programming model with minimizing carbon emissions
as the objective function, solved it using dynamic programming algorithms, and finally
carried out an example verification to achieve a balance between economic and social
benefits [20]. Guo studied fresh food distribution, built a two-stage model, considered
the total system cost and vehicle path, and solved using a genetic algorithm and particle
swarm algorithm, which effectively reduced carbon emissions and total cost [21]. Reddy
constructed a multi-level multi-period mixed integer linear programming model with profit
maximization as the objective function, considering the effects of facility location, vehicle
type, and return rate, and finally gave an example analysis [22].

From the perspective of recycling model selection research, Liang used the Internet
as a bridge to realize the design of a virtual APP and recycling device from the perspec-
tive of consumer psychology, real consumption situation, and the current situation of
packaging recycling, to form a complete express packaging recycling system [2]. Yang con-
structed a multi-agent express packaging waste recycling system including the government,
individuals, and enterprises. Based on differential game theory, the behavioral charac-
teristics of individuals and the optimal strategies of government and enterprises under
the market-driven recycling model, government-driven recycling model, and cooperative-
driven recycling model were explored [23]. Based on previous studies by scholars, the
main research contributions of this paper are as follows [24].

• From the concept of reducing carbon emission and environmental pollution, this paper
gives the process of designing the reverse logistics network for express packaging
recycling, taking the M region as an example, and establishes a four-level network con-
taining primary recycling nodes, recycling centers, processing centers, and terminals.

• Construct a candidate node selection model based on the K-means algorithm, cluster
by distance from 535 express outlets, and use the obtained basic data to calculate the
distance between each node, the express volume of each node, etc.

• Construct a node selection model based on the NSGA-II algorithm, with the objective
function of minimizing the total cost and carbon emission, and consider the effects
of different locations of the selected nodes, different types of vehicles between nodes,
and different processing technologies adopted by the processing centers.



Mathematics 2023, 11, 812 4 of 32

2. Problem Description

In this paper, according to the economic development and administrative division of
Changchun, seven district administrative units under Changchun are selected as the area
under study (hereinafter collectively referred to as M area), including Nanguan District,
Kuancheng District, Chaoyang District, Erdao District, Lvyuan District, Shuangyang Dis-
trict, and Jiutai District (not considering Gongzhuling District). In this paper, we design the
reverse logistics network for express packaging in region M. The regional map of region M
is shown in Figure 2.

Mathematics 2023, 11, x FOR PEER REVIEW 4 of 32 
 

 

• Construct a node selection model based on the NSGA-II algorithm, with the objective 

function of minimizing the total cost and carbon emission, and consider the effects of 

different locations of the selected nodes, different types of vehicles between nodes, 

and different processing technologies adopted by the processing centers. 

2. Problem Description 

In this paper, according to the economic development and administrative division of 

Changchun, seven district administrative units under Changchun are selected as the area 

under study (hereinafter collectively referred to as M area), including Nanguan District, 

Kuancheng District, Chaoyang District, Erdao District, Lvyuan District, Shuangyang Dis-

trict, and Jiutai District (not considering Gongzhuling District). In this paper, we design 

the reverse logistics network for express packaging in region M. The regional map of re-

gion M is shown in Figure 2. 

 

Figure 2. Regional map of M area. 

According to the relevant data from Changchun Bureau of Statistics, this paper ob-

tains the 2018–2020 population figures for the seven administrative regions mentioned 

above, as shown in Appendix A Table A1. 

The proportion of the population of each district to the total population of Chang-

chun was obtained (see Appendix A Table A2), in which the average proportion of the 

municipal districts to the total population of the city from 2018 to 2020 was the weighted 

average, and the weights of each year from 2018 to 2020 were 0.5, 0.3, and 0.2 according 

to the principle that the closer the year, the greater the weight. 

In this paper, Baidu map API was used to obtain the original data of the latitude and 

longitude of courier points in the M area of Changchun and obtain 535 final valid data 

points after eliminating individual invalid data points, including 99 in Nanguan District, 

81 in Kuancheng District, 107 in Chaoyang District, 103 in Erdao District, 81 in Lvyuan 

Figure 2. Regional map of M area.

According to the relevant data from Changchun Bureau of Statistics, this paper obtains
the 2018–2020 population figures for the seven administrative regions mentioned above, as
shown in Appendix A Table A1.

The proportion of the population of each district to the total population of Changchun
was obtained (see Appendix A Table A2), in which the average proportion of the municipal
districts to the total population of the city from 2018 to 2020 was the weighted average, and
the weights of each year from 2018 to 2020 were 0.5, 0.3, and 0.2 according to the principle
that the closer the year, the greater the weight.

In this paper, Baidu map API was used to obtain the original data of the latitude and
longitude of courier points in the M area of Changchun and obtain 535 final valid data
points after eliminating individual invalid data points, including 99 in Nanguan District,
81 in Kuancheng District, 107 in Chaoyang District, 103 in Erdao District, 81 in Lvyuan
District, 17 in Shuangyang District, and 47 in Jiutai District. The latitude and longitude of
express points in Nanguan District are shown in Appendix A Table A3, and the rest of the
areas are omitted.

The relevant statistical information of Changchun Postal Administration was checked
to obtain the express business volume in Changchun from 2013 to 2020, as shown in Table 1.
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Table 1. The 2013–2020 express business statistics table in Changchun.

Year Express Business Volume/Million Pieces Year Express Business Volume/Million Pieces

2013 27.1409 2017 98.9954
2014 41.3411 2018 129.7255
2015 52.3329 2019 161.9971
2016 78.6633 2020 237.2633

To meet the design requirements of the subsequent recycling network, the data in
Table 1 need to be used to forecast the express business volume of Changchun in the
next few years and select the appropriate value as the design value. In this paper, the
least squares method is used to fit a linear function and an exponential function to the
express business volume data of Changchun from 2013 to 2020, and the obtained functional
relationships are shown in Equations (1) and (2).

y = 2242.9x− 540.05 (1)

y = 2183e0.2971x (2)

In the above Equations (1) and (2), x = Year − 2012. The fitted image is shown in
Figure 3, and it can be visually seen that the fitting effect of Equation (2) is better than the
fitting effect of Equation (1). Using Equations (1) and (2), the prediction of express business
volume for 2013–2020 and 2021–2025 is shown in Table 2 and Figure 3.
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Table 2. Express business volume forecast.

Serial Number Actual Value/
Million Pieces

Linear Forecast
Value/Million Pieces Error Index Forecast

Value/Million Pieces Error

1 27.1409 17.0285 37.26% 29.38209 8.26%
2 41.3411 39.4575 4.56% 39.54682 4.34%
3 52.3329 61.8865 18.26% 53.22803 1.71%
4 78.6633 84.3155 7.19% 71.64226 8.93%
5 98.9954 106.7445 7.83% 96.4269 2.59%
6 129.7255 129.1735 0.43% 129.7858 0.05%
7 161.9971 151.6025 6.42% 174.6851 7.83%
8 237.2633 174.0315 26.65% 23511.74 0.90%
9 / 196.4605 / 316.4563 /
10 / 218.8895 / 425.9343 /
11 / 241.3185 / 573.2863 /
12 / 263.7475 / 771.6146 /
13 / 286.1765 / 1038.555 /

As we can see in Table 3, the prediction effect of Equation (2) is better than that of
Equation (1), so the express volume of 103,855,000 pieces in 2025 (x = 13) predicted by
Equation (2) is selected as the design value.

Table 3. The parameters given in this paper and their values.

M = 6000 kg c = 4000 kg/m2

m0 = 0.3 kg car1 = 0.00800 kg/m2

Vmax = 30, 000, 000 pieces car2 = 0.00804 kg/m2

Vmaxm0 = 9, 000, 000 kg car3 = 0.00808 kg/m2

C1= 1200 CNY/m2 a1= 1.2500 CNY/kg
C2= 900 CNY/m2 a2= 1.2400 CNY/kg
C3 = 850 CNY/m2 a3= 1.2300 CNY/kg
C4= 800 CNY/m2 α = 0.5, β = 0.2, γ = 0.3

3. Algorithm Introduction
3.1. Introduction to K-Means Algorithm
3.1.1. Principle of K-Means Algorithm

The K-means algorithm belongs to unsupervised machine learning and is a common
classical clustering algorithm with the advantages of simplicity, efficiency, and ease of
implementation, but it is sensitive to the selection of the initial clustering centers, which
can affect the accuracy and speed of convergence if not selected properly. The K-means
problem in a general sense can be described as follows: given a dataset containing N
elements, each of which is an M-dimensional real vector, the objective is to select K points
as clustering centers and divide the N elements into K sets, where each set corresponds
to a clustering center so that the sum of the squared distances of all elements to the
corresponding clustering center is minimized, at which point the clustering center of each
set is the mean point of each set element [25].

3.1.2. K Value Determination Method

(1) Select-on-demand method: This means that the number of classification groups of
data is determined according to the actual demand.

(2) Elbow method: error squared and SSE is a function of the number of clusters K, SSE
becomes smaller with the increase of K, and when K increases to a certain value, the
rate of change of SSE will rapidly become smaller; that is, as the value of K continues
to increase and tends to level off, so that the relationship between K and SSE graph is
similar to the elbow, the inflection point of the elbow is the optimal number of clusters
K.
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(3) Contour coefficient method: the contour coefficient of a certain data point of a cluster
is the difference between the average distance (cohesion) of the data and the data of
the same cluster and the average distance (separation) of all data of the nearest cluster
and the ratio of the larger of the two. After finding the data, the contour coefficient
of the rest of the data in the same cluster is obtained, and the average value is the
average contour coefficient of the data in the group. The larger the average contour
coefficient, the better the clustering effect, the corresponding K value is the optimal
number of clusters.

(4) Gap Statistics method: in the sample area in accordance with the uniform distribution
of randomly generated and the original sample number of random samples, and these
random samples and K-means clustering, calculate the loss of random samples and the
actual sample loss of the difference between the maximum value of the corresponding
K is the optimal number of clusters.

3.2. Introduction of NSGA-II Algorithm
3.2.1. Introduction to Multi-Objective Optimization Algorithms

When there are two or more objective functions, it is called multi-objective optimiza-
tion.

The general form of multi-objective optimization is shown in Equation (3).

minF = [ f1(x), f2(x), f3(x), . . . fm(x)]T (3)

In the above equation, F(x) is the multi-objective optimization result, f1(x), f2(x),
f3(x), . . . fm(x) is the objective component, and m is the objective dimension.

3.2.2. Introduction to NSGA-II Algorithm

NSGA-II algorithm is a commonly used multi-objective genetic algorithm with the
advantages of lower computational complexity and better population goodness and diver-
sity. Its core is the introduction of fast non-dominated sorting, crowding degree, and elite
strategy, as shown below [26].

(1) Introduction to the fast non-dominated sorting method.

Let ni denote the number of individuals dominating individual in the population, and
Si is the set of individuals dominated by individual i. Find all individuals with ni= 0 in the
population, i.e., the number of individuals dominating individual i is 0, i.e., individual i is
not dominated, and deposit the eligible individual i into the non-dominated set R1, which
means the subdominated rank is 1.

For all individuals j in the current non-dominated set R1, iterate through the set Sj of
the individuals it dominates. Since the individuals j dominating individual t have been
deposited in the current non-dominated set R1, the nt of each individual t in the set Sj is
subtracted by 1. That is, the number of individuals governing the solution of individual t is
reduced by 1. If nt − 1 = 0 is satisfied, then individual t is deposited in the set H.

R1 is used as the first level of the set of non-dominated individuals, and the individuals
in this set are only dominated by other individuals and not by any other individuals, and
all individuals in this set are assigned the same non-dominated ranking level, and then
the above grading operation is continued for the set H, and the corresponding ranking
level is also assigned, until all individuals are graded, i.e., all individuals are assigned the
corresponding ranking level.

(2) Crowding degree profile.

The crowding degree id denotes the density of individuals around a given point in a
population of a given generation, and in practice, it is measured by the length of the largest
rectangle around individual i that contains individual i but not other individuals, where the
crowding degree of individuals on each rank boundary is +∞. According to the definition
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of crowding degree, it can be seen that the larger the crowding degree is, the better the
individuals are. The specific algorithm text is not repeated.

(3) Introduction to the elite strategy.

The elite strategy is to prevent the elimination of good individuals in the population
in each generation, and to mix all individuals in the parent and child generations, and
then select them according to the rank of non-dominance sorting and the size of crowding
degree to get the new generation population that meets the population size requirement,
effectively avoiding the loss of good individuals in the parent population, and the execution
process is shown in Figure 4 [27].
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As shown above, firstly, the parents Pt and Qt are merged to obtain a new population
with two times the original population size, and the individuals in the new population
are sorted non-dominantly and selected according to the rank of non-dominant rank
from smallest to largest until the selection reaches the rank of Zi, so that the number of
selected individuals plus the number of individuals in this rank is greater than the original
population size for the first time, and then the Zi is calculated. Zi rank in the crowding
degree of individuals, and according to the size of the crowding degree from the largest
to the smallest selection, until the population number requirement is met, so that the new
generation of parents P′t .

4. Model Building
4.1. Modeling of Reverse Logistics Network in M Region

This paper determines the third-party logistics-centered express packaging model con-
sidering government participation, i.e., in the subsequent design of this paper, it is assumed
that a third-party logistics enterprise specializing in express packaging recycling will carry
out unified recycling and processing of express packaging of each courier company.

4.1.1. Network Level and Node Analysis

According to the development status of the M region, this paper designs a four-
layer recycling network, and the schematic diagram of express packaging reverse logistics
network layers and nodes in the M region is shown in Figure 5.

Among them, the first level is the primary recycling layer; the nodes of this level
are the 535 courier points acquired, responsible for the recovery of express packaging
directly from consumers, mainly by the consumers themselves to return express packaging,
supplemented by door-to-door service for recycling. The second level is the recycling
level; the node of this level is the recycling center, which is responsible for collecting and
storing the express packaging recovered by the courier points within a certain area and
connects to the primary recycling level with the relevant carriers leased or purchased, and
the transportation process is short-distance transportation. The third level is the processing
layer; the node of this level is the processing center, which is responsible for classifying the
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express packaging recovered by each recycling center and carrying out different technical
treatments according to different categories, mainly including reuse treatment and transport
to each recycling center, transport to the paper mill, and transport to landfill, with the
relevant carrier leased or purchased to connect the recycling layer and the terminal layer,
the transport process is medium and long-distance transport compared with the transport
process of the first and second levels. The transportation process is medium to long distance
compared to the first and second levels. The fourth level is the terminal level, the nodes of
this level are the paper mill and the landfill, which are responsible for accepting the express
packaging after sorting in the processing center, the longitude and latitude of the paper
mill and the landfill are (43.910551◦ N, 125.420776◦ E) and (43.964575◦ N, 125.358692◦ E),
and they are connected to the processing level by the relevant carriers leased or purchased.
The process is also medium to long distance.
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4.1.2. Determination of Candidate nodes Based on the K-Means Algorithm

• Basic assumptions

(1) Euclidean distance is used in this paper to calculate the distance between the data
and the center of clusters (center of mass).

(2) It is assumed that the influence of the Earth’s surface on the distance calculation is
negligible in the range of M region.

• Symbol Description

Symbols Meaning

SSE Clustering error of all sample data.
V New cluster center and old cluster center error.

K
Number of cluster centers Ki set of values,
K = {1, 2, · · · , N − 1, N}.

K0 Number of clustering centers, K0 ∈ K.

µi
The ith clustering center (center of mass), 1 ≤ i ≤ K and i is
an integer.

Si
The center of clustering (center of mass) is the ith data set of
µi, 1 ≤ i ≤ K and i is an integer.

xj The jth data, xj ∈ Si

• Model Building

SSE =
K

∑
i=1

∑
xj∈Si

∣∣∣∣xj−µi
∣∣∣∣2 (4)

minV =
K0

∑
i=1

∑
xj∈Si

∣∣∣∣xj−µi
∣∣∣∣2 (5)
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• K-means clustering algorithm steps

(1) Determine K0 (see Figure 6)
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(2) K-means clustering (see Figure 7)
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4.2. NSGA-II Algorithm-Based Node Siting Modeling

1. Basic assumptions
(1) The calculation cycle is one year.
(2) Each recycling center can only be handled by one processing center.
(3) The ratio of inflow to the outflow of express business is 1:1, and the recycling rate is

50%.
(4) The recycled products are single, all are cartons.
(5) Straight line approximation instead of actual distance.
(6) The available vehicles are sufficient, and vehicle path planning and scheduling prob-

lems are not considered.
(7) When the vehicle is from the recycling center to the processing center, only one model

can serve, and vice versa, two processes can be served by different models (there are
four models 1, 2, 3 and 4, the last two of which are battery-driven), each model has
the same rated mass, and the corresponding data are solved according to the full-load
state in the calculation.

(8) The processing center is for rental use.
(9) Expenses such as equipment purchase, maintenance, and workers’ wages are included

in the unit processing costs.
(10) No consideration is given to inventory costs, landfill costs, etc.
(11) Other parameters such as fixed construction costs for different types of areas are

known.
(12) The express packaging after processing will be transported to each recycling center,

and then by each recycling center to each first-level network.
(13) Only the transportation cost between the recycling center, treatment center, landfill,

and paper mill and the carbon emission of the transportation process and treatment
process is considered.

• Symbol Description

Symbols Meaning

F Total cost
f1 Shipping cost
f2 Processing cost
f3 Construction cost
N Number of candidate nodes

dji
The straight-line distance between the jth candidate node and the ith
candidate node

Vji
Packing volume between the jth candidate node transported to the ith
candidate node

Vi Amount of packaging recycling at the ith node
Vmax The ith node can carry the maximum recycling volume
m0 Mass equivalent per courier package
trk Freight rate for the kth vehicle unit, k = 1, 2, 3, 4
aj Processing cost using the jth technology unit (j = 1,2,3)
Ck Regional k unit construction costs, k = 1, 2, 3, 4
c Unit storage capacity

g1 CO2 emissions during transportation
g2 CO2 emissions from the treatment process
ctrk The kth vehicle unit carbon emission factor, k = 1, 2
ctrk Carbon emission factor per unit for the kth vehicle, k = 3, 4
Lk Fuel consumption per unit distance for the kth vehicle, k = 1, 2
Lk Electricity consumption per unit distance for the kth vehicle, k = 3, 4

L∗k
The fuel consumption per unit distance of the kth vehicle, when fully
loaded, k = 1, 2

L∗k
The electricity consumption per unit distance of the kth vehicle, when
fully loaded, k = 3, 4



Mathematics 2023, 11, 812 12 of 32

Symbols Meaning

L0
k

The fuel consumption per unit distance of the kth vehicle, when
unloaded, k = 1, 2

L0
k

Electricity consumption per unit distance for the kth vehicle, at no
load, k = 3, 4

m The kth load capacity
M The kth rated capacity

carj
CO2 emissions per unit mass of packaging treated with the jth
technology, (j = 1,2,3)

α Reuse rate

β
Percentage of packaging that is disposed of and transported to
landfill

γ Percentage of packaging shipped to paper mills after processing

• Objective function

In this paper, the objective function is set from two perspectives: economic and
environmental.

(1) Economic perspective: Since the revenue source of reverse logistics is complicated,
government subsidies and profit distribution need to be considered, so only cost
minimization is considered in this paper.

(2) Environmental perspective: to minimize the emissions of CO2, one of the greenhouse
gases [28–31].

minF = f1 + f2 + f3 (6)

minG = g1 + g2 (7)

f1 =
N

∑
i=1

N

∑
j=1

XiXjidjiVjim0trk +
N

∑
i=1

XidimVimm0trk +
N

∑
i=1

XidinVinm0trk +
N

∑
i=1

N

∑
j=1

XiXijdijVijm0trk (8)

f2 =

{
ajVim, Vim ≤ Vmax m0
+∞, Vmax m0 < Vi Vi

(9)

f3 =



N
∑

i=1
XiVimC1, i ∈ {1, 2, 3}

N
∑

i=1
XiVimC2, i ∈ {4, 5, 6}

N
∑

i=1
XiVimC3, i ∈ {7, 8, 9, 10, 11, 12, 13}

n
N
∑

i=1
XiVimC4, i ∈ {14, 15}

(10)

g1 =
N

∑
i=1

N

∑
j=1

XiXjidjiVjim0Lkctrk +
N

∑
i=1

XidimVimm0Lkctrk +
N

∑
i=1

XidinVinm0Lkctrk +
N

∑
i=1

N

∑
j=1

XiXijdijVijm0Lkctrk (11)

Lk = L0
k +

L∗k − L0
k

N
m0 (12)

g2 = V1m0carj (13)

• Constraints
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Xi =

{
1, The ith candidate node is selected as the processing center
0, The ith candidate node is selected as the recycling center

(14a)

Xji =

{
1, The jth candidate node is assigned to the ith candidate node
0, The jth candidate node is not assigned to the ith candidate node

(14b)

0 ≤ Vi ≤ Vmax (15a)

Vi = Vii + Vji (15b)

Vi = Vim + Vin (15c)

Equation (6) represents the cost, including transportation cost, construction cost, and
treatment cost, in which, transportation cost includes three parts from recycling center to
treatment center, treatment center to landfill and paper mill, and treatment center back
to the recycling center, construction cost considers four types of areas A, B, C, and D
and the cost per unit construction area is different for candidate nodes in different areas,
and treatment cost considers alternative of three technologies, and the treatment cost of
different technologies is different. Equation (7) represents carbon emissions, including
carbon emissions from the transportation process and carbon emissions from the treatment
process, where carbon emissions from the transportation process include three parts from
recycling center to treatment center, from treatment center to landfill and paper mill, and
from treatment center back to the recycling center, and carbon emissions from treatment
process consider the three alternative technologies, and the carbon emissions generated
by different technologies are different. The above Equation (15a) indicates that the storage
volume of node i takes a range of values, Equation (15b) indicates that node i is equal to its
storage volume plus the volume transported from point j to point i, Equation (15c) indicates
that the volume transported out of node i is not greater than the storage volume of node i.
Equations (15a) and (15b) indicate that the above two equations indicate the conservation
of flow, the way to achieve each of the above constraints, especially the capacity constraint
through the constraint matrix.

According to the relevant information and combined with the actual situation, the
following values of the relevant parameters are given in this paper. The values of each
variable are as follows in Table 3.

Take fuel consumption per unit distance at no load L0
1= 0.11 L/km, L∗1= 0.15 L/km

at full load, carbon emission factor per unit fuel consumption ctr1 = 2.5 kg/L, freight per
unit tr1 = 0.001 CNY/km/kg in vehicle type 1, fuel consumption per unit distance at no
load L0

2= 0.1 L/km, L∗2= 0.15 L/km at full load. The carbon emission factor per unit of
fuel consumption ctr2 is 2.8 kg/L, the freight cost per unit tr2 is 0.0008, and the electricity
consumption per unit distance L0

3 is 0.1 in vehicle type 2. When vehicle type 3 is empty,
L∗3= 0.3, when fully loaded, the carbon emission factor per unit of electricity consumption
ctr3 is 0.8, the freight cost per unit tr3 is 0.0015, and the electricity consumption per unit
distance L0

4= 0.1. When vehicle type 4 is empty, L∗4= 0.3 when fully loaded, the carbon
emission factor per unit of electricity consumption ctr4 = 0.1, unit freight tr4 is 0.0012.

5. Algorithm Design
5.1. NSGA-II Algorithm Description

(1) Chromosome coding
In this paper, we set each generation of the population containing n individuals, and

each individual has only one chromosome, using a repeatable integer coding method,
and the total length of the chromosome is 75. From the perspective of corresponding
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functions, each chromosome can be divided into five parts, and the length of each part is
15. Specifically, the first part indicates the site selection code, the second part indicates the
vehicle type selection code from the recycling center to the treatment center, the third part
indicates the vehicle selection code from the processing center to the recycling center, the
fourth part indicates the vehicle selection type code from the processing center to the paper
mill and the landfill, and the fifth part is the processing technology selection code.

• First part: site selection code

For a generational population, the first part of the chromosome of the ith (1 ≤ I ≤ n,
and i is an integer, the same below) individual, the jth (1 ≤ j ≤ 15, and j is an integer, the
same below) position indicates j candidate nodes and the value k corresponding to the jth
position indicates that the jth candidate node is assigned to node k, and k becomes the
processing center, where k ∈ {1 ≤ k ≤ 15, and k is an integer}.

For example, Figure 8I represents the first part of the chromosome of the first individual
of a generation population, whose length is 15, and the value corresponding to the first
position is 1, indicating that node 1 is assigned to node 1, i.e., node 1 is selected as a
processing center by the candidate node, and so on, and the value corresponding to the
15th position is 15, indicating that node 15 is assigned to node 15, i.e., node 15 is selected as
a processing center.

Mathematics 2023, 11, x FOR PEER REVIEW 14 of 32 
 

 

indicates that the volume transported out of node 𝑖 is not greater than the storage volume 

of node 𝑖. Equations (15a) and (15b) indicate that the above two equations indicate the 

conservation of flow, the way to achieve each of the above constraints, especially the ca-

pacity constraint through the constraint matrix. 

According to the relevant information and combined with the actual situation, the 

following values of the relevant parameters are given in this paper. The values of each 

variable are as follows in Table 3. 

Take fuel consumption per unit distance at no load L1
0 = 0.11L/km, L1

*  = 0.15L/km at 

full load, carbon emission factor per unit fuel consumption ctr1 = 2.5kg/L, freight per unit 

tr1 = 0.001CNY/km/kg in vehicle type 1, fuel consumption per unit distance at no load 

L2
0 = 0.1L/km, L2

*  = 0.15L/km at full load. The carbon emission factor per unit of fuel con-

sumption ctr2 is 2.8kg/L, the freight cost per unit tr2 is 0.0008, and the electricity con-

sumption per unit distance 𝐿3
0  is 0.1 in vehicle type 2. When vehicle type 3 is empty, 

L3
*  = 0.3, when fully loaded, the carbon emission factor per unit of electricity consumption 

ctr3 is 0.8, the freight cost per unit tr3 is 0.0015, and the electricity consumption per unit 

distance L4
0 = 0.1. When vehicle type 4 is empty, L4

*  = 0.3 when fully loaded, the carbon 

emission factor per unit of electricity consumption ctr4 = 0.1, unit freight tr4 is 0.0012. 

5. Algorithm Design 

5.1. NSGA-II Algorithm Description 

(1) Chromosome coding 

In this paper, we set each generation of the population containing n individuals, and 

each individual has only one chromosome, using a repeatable integer coding method, and 

the total length of the chromosome is 75. From the perspective of corresponding functions, 

each chromosome can be divided into five parts, and the length of each part is 15. Specif-

ically, the first part indicates the site selection code, the second part indicates the vehicle 

type selection code from the recycling center to the treatment center, the third part indi-

cates the vehicle selection code from the processing center to the recycling center, the 

fourth part indicates the vehicle selection type code from the processing center to the pa-

per mill and the landfill, and the fifth part is the processing technology selection code. 

• First part: site selection code 

For a generational population, the first part of the chromosome of the ith (1 ≤ 𝐼 ≤ n, 

and 𝑖 is an integer, the same below) individual, the 𝑗th (1 ≤ 𝑗 ≤ 15, and 𝑗 is an integer, the 

same below) position indicates 𝑗 candidate nodes and the value k corresponding to the 

𝑗th position indicates that the 𝑗th candidate node is assigned to node k, and k becomes 

the processing center, where 𝑘 ∈ {1 ≤ 𝑘 ≤ 15, and 𝑘 is an integer}. 

For example, Figure 8I represents the first part of the chromosome of the first indi-

vidual of a generation population, whose length is 15, and the value corresponding to the 

first position is 1, indicating that node 1 is assigned to node 1, i.e., node 1 is selected as a 

processing center by the candidate node, and so on, and the value corresponding to the 

15th position is 15, indicating that node 15 is assigned to node 15, i.e., node 15 is selected 

as a processing center. 

 
(I) 

 
(II) 

Mathematics 2023, 11, x FOR PEER REVIEW 15 of 32 
 

 

 
(III) 

 
(IV) 

 
(V) 

 
(VI) 

Figure 8. I,II indicate the site selection code, III, IV indicate the vehicle type selection code from the 

recycling center to the processing center, the vehicle selection code from the processing center to the 

recycling center and the vehicle type selection code from the processing center to the paper mill and 

landfill, V,VI are the processing technology selection code. 

Figure 8II represents the first part of the chromosome of the 7th individual of this 

generation population, whose length is 15, and the 1st, 2nd, and 3rd positions correspond 

to values all of 5, indicating that nodes 1, 2, and 3 are assigned to node 5, i.e., node 5 is 

selected as a processing center by the candidate node, and accordingly, nodes 1, 2, and 3 

are selected as a recycling center by the candidate node, and so on, and the 12th, 13th, 

14th, and 15th positions correspond to the value 13, indicating that nodes 12, 13, 14, and 

15 are assigned to node 13, i.e., node 13 is selected as the processing center by the candi-

date node, and nodes 12, 14, and 15 are selected as the recycling center by the candidate 

node. 

• Second, third, and fourth parts. 

For the second part of the 𝑖th (1 ≤ 𝑖 ≤ n and i is an integer, same below) individual 

chromosome of a generational population, the value 𝑙 corresponding to the 𝑗th (16 ≤ 𝑗 ≤ 

30 and 𝑗 is an integer, same below) position indicates the type of transport vehicle be-

tween the (𝑗-15)th candidate node and the kth node corresponding to the (𝑗-15)th position 

in the first part, where l ∈ {1 ≤ 𝑙 ≤ 4 and 𝑙 is an integer } and 𝑘∈{1 ≤ 𝑘 ≤ 15 and 𝑘 is an 

integer}. 

For example, Figure 8(III) represents the second part of the chromosome of the first 

individual of a generational population which is the same population as the population 

of Figure 8I with a length of 15. The 16th position corresponds to a value of 1, indicating 

that the type of the transport vehicle between the first candidate node and the first candi-

date node corresponding to the first position in the first part is type 1, and so on, and the 

30th position corresponds to the value of 4 indicates that the type of the transport vehicle 

between the 15th candidate node and the 15th candidate node corresponding to the 15th 

position in the first part is type 4. 

Figure 8IV represents the chromosome of the 7th individual of this generation pop-

ulation with a length of 15, and the values corresponding to the 16th, 20th, 24th, and 28th 

positions are all 1, indicating that the type of transport vehicle between the 1st, 5th, 9th, 

and 13th candidate nodes and the 5th, 6th, 11th, and 13th candidate nodes corresponding 

to the first part is all type 1, and the values corresponding to the 17th, 21st, 25th, and 29th 

positions are 2, indicating that the vehicle types of the transport vehicles between the 2nd, 

Figure 8. (I,II) indicate the site selection code, (III,IV) indicate the vehicle type selection code from
the recycling center to the processing center, the vehicle selection code from the processing center to
the recycling center and the vehicle type selection code from the processing center to the paper mill
and landfill, (V,VI) are the processing technology selection code.

Figure 8II represents the first part of the chromosome of the 7th individual of this
generation population, whose length is 15, and the 1st, 2nd, and 3rd positions correspond
to values all of 5, indicating that nodes 1, 2, and 3 are assigned to node 5, i.e., node 5 is
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selected as a processing center by the candidate node, and accordingly, nodes 1, 2, and 3
are selected as a recycling center by the candidate node, and so on, and the 12th, 13th, 14th,
and 15th positions correspond to the value 13, indicating that nodes 12, 13, 14, and 15 are
assigned to node 13, i.e., node 13 is selected as the processing center by the candidate node,
and nodes 12, 14, and 15 are selected as the recycling center by the candidate node.

• Second, third, and fourth parts.

For the second part of the ith (1 ≤ i ≤ n and i is an integer, same below) individual
chromosome of a generational population, the value l corresponding to the jth (16 ≤ j ≤ 30
and j is an integer, same below) position indicates the type of transport vehicle between the
(j-15)th candidate node and the kth node corresponding to the (j-15)th position in the first
part, where l ∈ {1 ≤ l ≤ 4 and l is an integer } and k∈{1 ≤ k ≤ 15 and k is an integer}.

For example, Figure 8III represents the second part of the chromosome of the first
individual of a generational population which is the same population as the population of
Figure 8I with a length of 15. The 16th position corresponds to a value of 1, indicating that
the type of the transport vehicle between the first candidate node and the first candidate
node corresponding to the first position in the first part is type 1, and so on, and the
30th position corresponds to the value of 4 indicates that the type of the transport vehicle
between the 15th candidate node and the 15th candidate node corresponding to the 15th
position in the first part is type 4.

Figure 8IV represents the chromosome of the 7th individual of this generation popu-
lation with a length of 15, and the values corresponding to the 16th, 20th, 24th, and 28th
positions are all 1, indicating that the type of transport vehicle between the 1st, 5th, 9th,
and 13th candidate nodes and the 5th, 6th, 11th, and 13th candidate nodes corresponding
to the first part is all type 1, and the values corresponding to the 17th, 21st, 25th, and
29th positions are 2, indicating that the vehicle types of the transport vehicles between the
2nd, 6th, 10th, and 14th candidate nodes and the corresponding 2nd, 6th, 10th, and 14th
candidate nodes in the first part are all of type 2, and the remaining cases and so on.

• Fifth part.

For the ith (1≤ i ≤ n, i is an integer, the same below) individual chromosome of the
fifth part of a generational population, the value p corresponding to the jth (61 ≤ j ≤ 75,
j is an integer, the same below) position denotes the pth technique chosen for the kth node
corresponding to the j-15th position of the first part, where p∈{1≤ l ≤ 3 and p is an integer}
and k ∈{1 ≤ k ≤ 15 and k is an integer}. For example, Figure 8V represents the fifth part of
the chromosome of the first individual of a generational population (this population is the
same population as the population in Figure 8), whose length is 15, and the 61st position
corresponds to a value of 1, indicating the j60th candidate node, i.e., the first candidate
node uses technology 1, and so on, and the 75th position corresponds to a value of 1,
indicating the j60th candidate node i.e., the 15th candidate node also adopts technique 1.

Figure 8VI represents the chromosome of the seventh individual of this generation
population with a length of 15, and the values corresponding to the 61st, 64th, 65th,
69th, 72nd, and 73rd positions are all 1, indicating that the 1st, 4th, 5th, 9th, 12th, and
13th candidate nodes corresponding to the first part adopt technology 1, and the values
corresponding to the 62nd, 66th, 70th, and 74th positions are all 2, indicating that the 2nd,
6th, 10th, and 14 candidate nodes adopt technique 2, and the values corresponding to the
63rd, 67th, 68th, 71st, and 75th positions are all 3, indicating that the 3rd, 7th, 8th, 11th, and
15th candidate nodes adopt technique 3.

(2) Population initialization
According to the above coding method, in this paper, let there be n = 50 individuals

per generation of population, each individual has only one chromosome, and the length of
each chromosome is 75, i.e., m = 75, the first part corresponds to the candidate processing
center coding, each position randomly generates a repeatable integer k (1≤ k ≤15), the
second, third, and fourth parts correspond to the vehicle type coding, each position ran-
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domly generates a repeatable integer l (1 ≤ l ≤ 4), the fifth part corresponds to the type of
technology used, p ∈ {1 ≤ l ≤ 3, and p is an integer}.

(3) Adaptation degree function
In this paper, the fitness of each individual is calculated according to the rank size and

crowding degree of the non-dominated stratum, specifically, the parents and children are
merged, the new population after the merger is non-dominated stratified, and the crowding
degree is calculated for all individuals, and finally, the individuals are selected according to
the principle that priority is given to individuals with small non-dominated stratification
rank and priority is given to individuals with large crowding degree in the same stratum
until the population number is satisfied requirements, the method has a slightly different
logic from the classical NSGA-II algorithm, but is identical in purpose and fully equivalent
in effect [32–34].

(4) Crossover operation [35]
In this paper, the simulated binary crossover method is used to perform crossover

operations on population chromosomes. Assuming that the children generated by the
crossover of parents xa and xb are ya and yb, then for the kth position of children ya and yb
we have.

ya(k) =
1
2
[(1 + β)xa(k) + (1− β)xb(k)] (16)

yb(k) =
1
2
[(1− β)xa(k) + (1 + β)xb(k)] (17)

Among them,

β =

{
2r

1
1+η , r ≤ 0.5

(2− 2r)r−
1

1+η , r > 0.5
(18)

In the above equation, r ∼ U [0, 1], η is a custom parameter, and the larger the value,
the closer the offspring is to the parent.

In this paper, we take η = 20, and for crossover, the first half of individuals and the
second half of individuals in each generation of the population are combined two by two,
and when the number of individuals is odd, the last individual does not participate in the
crossover.

(5) Variation operation
In this paper, the polynomial variation method is used to perform various operations

on population chromosomes; specifically, the variation form is,

v′k = vk + δ(uk − lk) (19)

Among them,

δ =


[
2u + (1− 2u)(1− δ1)

ηm+1
] 1

ηm+1 − 1, u ≤ 0.5

1−
[
2(1− u) + 2(u− 0.5)(1− δ2)

ηm+1
] 1

ηm+1 , u > 0.5
(20)

In the above equation, δ1 = (vk − Ik)/(uk − Ik), δ2 = (vk − vk)/(uk − Ik), u is a random
number in the interval [0, 1], ηm is a custom parameter, and this paper takes ηm= 20.

5.2. NSGA-II Algorithm Steps

Step 1: encoding by repeatable integer coding.
Step 2: initialize the population and generate a population containing m individuals, each
containing one chromosome, at this point, set as the initial population.
Step 3: non-dominated stratification of the individuals of the initial population.
Step 4: calculate the fitness of the individuals of the initial population based on the results
of the non-dominated stratification in step 3.
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Step 5: select a certain number of individuals in the initial population as the evolutionary
generation 0 according to the calculation result in step 4, and all individuals of the initial
population are selected as generation 0 in this paper.
Step 6: start evolution, take generation i (i ∈ {0 ≤ i < 50 and k is an integer}) as the parent,
perform crossover and mutation operations on the individuals of the parent to generate the
children corresponding to the parent of generation i, and fuse the individuals of the parent
and children of generation i.
Step 7: decode the fused individuals from step 6 and calculate the objective function values
of the fused individuals.
Step 8: non-dominated stratification of the fused individuals from step 6 and calculation of
their crowding degree.
Step 9: according to the calculation result of step 8, select m individuals as the (i + 1)th
generation according to the non-dominated stratification level from the lowest to the highest
and when the same level according to the crowding degree from the largest to the smallest,
and return to step 6 if the required number of evolutionary iterations is not satisfied.
Step 10: the (i + 1)th generation of individuals has been noted as the Pareto solution and
the corresponding solution is the Pareto frontier solution [36–38].

The algorithm terminates.
The basic flow chart of the algorithm is shown in the following Figure 9.
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6. Analysis of Results
6.1. Candidate Points

(1) Execution of the algorithm yields the SSE versus K plot, as shown in Figure 10.



Mathematics 2023, 11, 812 19 of 32

Mathematics 2023, 11, x FOR PEER REVIEW 19 of 32 
 

 

6. Analysis of Results 

6.1. Candidate Points 

(1) Execution of the algorithm yields the SSE versus K plot, as shown in Figure 10. 

 

Figure 10. SSE versus K. 

From the above Figure 8, it can be seen that the inflection point appears between K = 

5 and K = 10. It is known from the rule of elbow law that K0 = 15 should satisfy 5 ≤ K0 ≤ 10, 

but considering the actual demand, K0 can be expanded appropriately by the rule of on-

demand selection law, and K0 = 15 is taken in this paper. 

(2) Take K0 = 15, execute K-means algorithm, get 15 clustering centers, and use them 

as candidate processing centers, whose latitude and longitude information is shown in 

Table 4, and the location schematic is shown in Figure 11. 

Table 4. Latitude and longitude of candidate nodes. 

Serial Number Latitude/°𝑵 Longitude/°𝑬 Serial Number Latitude/°𝑵 Longitude/°𝑬 

1 44.20957 125.9666 9 43.89134 125.3411 

2 43.85894 125.2093 10 43.97082 125.2716 

3 43.54504 125.6638 11 43.9477 125.1507 

4 43.84200 125.2989 12 43.95960 125.4261 

5 44.05939 125.1975 13 44.03693 125.6269 

6 43.82241 125.4182 14 43.89649 125.4009 

7 43.89262 125.2839 15 43.81163 125.2380 

8 43.93453 125.3227    

Figure 10. SSE versus K.

From the above Figure 8, it can be seen that the inflection point appears between
K = 5 and K = 10. It is known from the rule of elbow law that K0 = 15 should satisfy
5 ≤ K0 ≤ 10, but considering the actual demand, K0 can be expanded appropriately by
the rule of on-demand selection law, and K0 = 15 is taken in this paper.

(2) Take K0 = 15, execute K-means algorithm, get 15 clustering centers, and use them
as candidate processing centers, whose latitude and longitude information is shown in
Table 4, and the location schematic is shown in Figure 11.
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Table 4. Latitude and longitude of candidate nodes.

Serial Number Latitude/◦N Longitude/◦E Serial Number Latitude/◦N Longitude/◦E

1 44.20957 125.9666 9 43.89134 125.3411
2 43.85894 125.2093 10 43.97082 125.2716
3 43.54504 125.6638 11 43.9477 125.1507
4 43.84200 125.2989 12 43.95960 125.4261
5 44.05939 125.1975 13 44.03693 125.6269
6 43.82241 125.4182 14 43.89649 125.4009
7 43.89262 125.2839 15 43.81163 125.2380
8 43.93453 125.3227

6.1.1. Classification of Candidate Nodes in Region M

Considering the economic development status of seven districts, this paper delineates
four categories of regions A, B, C, and D, as shown in Figure 12.
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Figure 12. Schematic diagram of candidate node sub-region location.

According to the above classification results, the regions to which each candidate node
belongs are shown in Table 5.

Table 5. Classification regions and administrative regions to which each candidate node belongs.

Candidate
Nodes

Classification
Area

Administrative
District

Candidate
Nodes

Classification
Area Administrative District

1 A Kuancheng District 9 C Lvyuan District
2 A Nanguan District 10 C Kuancheng District
3 A Lvyuan District 11 C Kuancheng District
4 B Lvyuan District 12 C Nanguan District
5 B Erdao District 13 C Erdao District
6 B Chaoyang District 14 D Jiutai District

7 C Chaoyang District 15 D Shuangyang
District

8 C Lvyuan District
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6.1.2. Determination of The Distance between Candidate Nodes

The latitude and longitude of 15 nodes can be known from Table 3, and the distance
between any two points (L 1, N1) and (L 2, N2) is calculated using Equation (20) to obtain
the distance between each candidate node, as shown in Table 6.

d =

√
[111(N1 − N2)]

2 + {111[E1 cos(N1)− E2 cos(N2)]}2 (21)

Table 6. Distance between candidate nodes.

Serial Number 1 2 3 4 5 6 7 8

23.86859 0 40.23685 12.67707 23.22249 44.70217 29.2916 73.10302 13.03013
16.60001 40.23685 0 29.87562 18.59793 6.318052 10.96083 113.3377 27.81905
13.40235 12.67707 29.87562 0 11.51298 33.4658 19.47316 84.28883 3.378439
3.75025 23.22249 18.59793 11.51298 0 21.95307 9.150016 95.73491 10.19329

20.84032 44.70217 6.318052 33.4658 21.95307 0 16.03422 117.6109 31.87447
6.106751 29.2916 10.96083 19.47316 9.150016 16.03422 0 102.3944 17.09786
96.87778 73.10302 113.3377 84.28883 95.73491 117.6109 102.3944 0 85.74007
11.22128 13.03013 27.81905 3.378439 10.19329 31.87447 17.09786 85.74007 0
39.59672 63.28908 23.0548 52.68995 41.21885 19.52163 34.00031 136.3915 50.81169
4.792569 19.34723 20.89395 10.23743 6.236652 25.49322 9.973975 92.44419 7.36417
8.717617 16.11011 24.30006 9.500052 9.929159 29.18902 13.34816 89.14593 6.131975
35.19108 48.15778 30.43948 45.10163 38.93564 35.71272 30.90118 114.8546 41.757
16.30645 30.78207 18.70151 25.93917 20.0393 25.01903 13.35269 101.709 22.63918
7.435185 27.15075 14.28599 19.15585 11.17926 20.04865 4.903537 99.99842 16.22207

0 23.86859 16.60001 13.40235 3.75025 20.84032 6.106751 96.87778 11.22128

Serial Number 9 10 11 12 13 14 15

1 63.28908 19.34723 16.11011 48.15778 30.78207 27.15075 23.86859
2 23.0548 20.89395 24.30006 30.43948 18.70151 14.28599 16.60001
3 52.68995 10.23743 9.500052 45.10163 25.93917 19.15585 13.40235
4 41.21885 6.236652 9.929159 38.93564 20.0393 11.17926 3.75025
5 19.52163 25.49322 29.18902 35.71272 25.01903 20.04865 20.84032
6 34.00031 9.973975 13.34816 30.90118 13.35269 4.903537 6.106751
7 136.3915 92.44419 89.14593 114.8546 101.709 99.99842 96.87778
8 50.81169 7.36417 6.131975 41.757 22.63918 16.22207 11.22128
9 0 43.94864 47.30247 39.51704 38.13702 36.7922 39.59672
10 43.94864 0 3.958057 35.54501 16.25327 8.920409 4.792569
11 47.30247 3.958057 0 35.63389 16.58221 11.11113 8.717617
12 39.51704 35.54501 35.63389 0 19.29206 27.75662 35.19108
13 38.13702 16.25327 16.58221 19.29206 0 9.082896 16.30645
14 36.7922 8.920409 11.11113 27.75662 9.082896 0 7.435185
15 39.59672 4.792569 8.717617 35.19108 16.30645 7.435185 0

6.1.3. Determination of the Candidate Node Express Volume

According to the previous data, the design values were weighted according to the
average ratio of the population in the seven districts of the M region to the total population
of Changchun, and the results are shown in Table 7.

The classification results of the candidate nodes, Nanguan District has one class A and
C regional nodes, respectively, candidate nodes 2 and 12, known from Table 1 Nanguan
District express the business volume of 103,352,300 pieces. This paper assumes that the ratio
of A and C regional nodes express business volume in Nanguan District is 7: 3, then the
express business volume of candidate nodes 2 and 12 are 7234.65967 and 3100.56843 million
pieces. According to the above rules, the express business volume of each candidate node
is shown in Table 8.
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Table 7. Express business volume by district.

Administrative District Express Business Volume/Million Pieces

Nanguan District 103.3523
Kuancheng District 90.56302
Chaoyang District 103.4675

Erdao District 79.95588
Lvyuan District 90.23914

Shuangyang District 50.62379
Jiutai District 92.637

Table 8. Express the business volume of each candidate node.

Candidate Nodes Express Business Volume/
Million Pieces Candidate Nodes Express Business Volume/

Million Pieces

1 54.33781 9 9.023914
2 72.3466 10 18.1126
3 45.11957 11 18.1126
4 27.07174 12 31.00568
5 47.97353 13 31.98235
6 62.08048 14 50.62379
7 41.38699 15 92.637
8 9.023914

6.2. Number of Iterations, Crossover Variance Probability Selection

In this paper, we use Python 3.8.5 for algorithm implementation, in which some sub-
functions directly call the functions of the Geatpy library, such as selection sub-functions
and crossover sub-functions.

In this paper, we set the number of population individuals m = 100 and M = 3000, in
the actual problem, the number of iterations will have a large impact on the performance
of the whole algorithm, so in this paper, the two single objectives of total cost and carbon
dioxide total emission, as shown in Figure 13, where the blue line indicates the average
value and the red line indicates the minimum value, it can be seen that both the average
value and the minimum value decrease gradually with the increase of the number of
generations and tend to be stable, and both objective functions show good convergence, so
it is feasible to take M = 3000.
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Figure 13. Plot of the total cost–number of iterations, total carbon dioxide emissions–number of
iterations c (M = 3000).

In this paper, we compare and analyze the relevant indicators for four cases with
cross-variance probabilities of 0.9, 0.8, 0.7, and 0.6. Total cost vs. total carbon dioxide



Mathematics 2023, 11, 812 23 of 32

emissions relationship diagram (cross-variance probability is 0.9, 0.8, 0.7, 0.6) as shown in
Figure 14A–D and Table 9.
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Figure 14. (A) Total cost vs. total carbon dioxide emissions relationship diagram (cross-variance
probability is 0.9). (B) Total cost and total carbon dioxide emissions relationship diagram (cross-
variance probability is 0.8). (C) Total cost versus total carbon dioxide emissions relationship diagram
(cross-variance probability is 0.7). (D) Total cost and total carbon dioxide emissions relationship
diagram (cross-variance probability is 0.6).

Table 9. Correlation indicators.

Cross-Variance
Probabilities Indicator Name

Percentage of
Non-

Dominated
Solutions

HV Spacing

0.9 Numerical value 0.24 0.016768 3312.822067
0.8 Numerical value 0.21 0.019379 3649.327564
0.7 Numerical value 0.43 0.019267 2713.471153
0.6 Numerical value 0.88 0.017934 3232.380758

Note: After testing, each index fluctuates somewhat during repeated calculations, and the best value in each
calculation process is taken.
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Integrating the three indicators of non-dominated solution percentage, HV, and Spac-
ings, and the final three generated images, this paper selects the case of M = 3000 and the
probability of cross-variance is 0.7 for analysis, and pools the analysis results to give man-
agement suggestions. According to the results of the selection of the number of iterations,
this paper runs the procedure at M = 3000 and the cross-variance probability is 0.7, and a
total of 43 Pareto solutions are obtained, as shown in Figure 15, which can be more clearly
seen in the Pareto frontier solutions [39,40].
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For further analysis, the obtained Pareto solution sets can be classified into I, II, and
III, as shown in Figure 16.
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Figure 16. Classification of total cost and total carbon dioxide emissions (M = 3000) Pareto solution
set.

Among them, the total cost of class I is at a low level and carbon emission is at a high
level, the total cost and carbon emission of class II are both at a medium level, and the
total cost of class III is at a high level and carbon emission is at a low level. For different
development stages of recycling system construction and development, different solution
sets of different regions can be selected as design solutions under the consideration of total
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cost and carbon emission only. When the whole society’s recycling system has developed
to a certain extent, Region III can be chosen.

In this paper, one point from each of the three categories I, II, and III is randomly
selected for analysis, and the selected points are shown in Figure 17.
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Figure 17. Schematic diagram of sample solution selection for the Pareto solution of total cost and
total carbon dioxide emissions (M = 3000).

The coordinates of the point selected for Class I are (3.333× 107, 2.160× 105), which is
noted as the sample solution for Class I, i.e., the total cost is 3.333× 107 CNY and carbon
emission is 2.160× 105 kg. The first, second, third, and fourth parts of the chromosome
corresponding to this point are coded as

[14 10 4 7 11 7 4 14 5 14 14 13 13 12 14 ]
[2 1 1 2 3 4 2 4 4 1 3 4 4 2 4 ]
[2 2 3 1 2 1 2 2 4 2 2 1 2 1 2 ]
[3 3 1 2 3 1 3 4 3 2 4 2 3 4 4 ]
[2 3 2 1 3 2 3 3 1 1 3 3 3 3 3 ]

According to the algorithm design rules, the above code is decoded to obtain the
recycling center responsible for each processing center, the model used, and the technology
used, as shown in Table 10 (for convenience, Table 11 notes the recycling center to the
processing center as Section 1, the processing center back to the recycling center as Section 2,
and the processing center to the landfill and paper mill as Section 3, the same as the
following table). The location of each node is shown in Figure 18A.

Table 10. Class I sample solution analysis.

Processing
Center

Recycling Center in
Charge

Road Section Technical
Processing1 2 3

4 3 1 3 1 1

5 9 4 4 3 1

7 4, 6 2, 4 1, 1 2, 1 1, 2

10 2 1 2 3 3

11 5 3 2 3 3

12 14 2 1 4 3

13 12, 13 4, 4 1, 2 2, 3 3, 3

14 1, 8, 10, 11, 15 2, 4, 1, 3, 4 2, 2, 2, 2, 2 3, 4, 2, 4, 4 2, 3, 1, 3, 3
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Table 11. Class II sample solution analysis.

Processing
Center

Recycling Center in
Charge

Road Section
Technical Processing

1 2 3

3 7 2 2 3 3

4 3 2 2 3 3

5 9 4 4 2 2

6 1 4 2 3 3

7 4, 6 2, 2 1, 1 2, 1 2, 3

10 2 2 2 3 3

11 5 3 2 4 3

12 14 1 1 3 3

13 13 4 2 3 3

14 8, 10, 11, 12, 15 4, 1, 3, 4, 4 2, 1, 2, 2, 2 4, 4, 3, 3, 4 3, 2, 3, 3, 3
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The coordinates of the point selected for class II are (3.340× 107, 2.023× 105), which is
noted as the sample solution for class II, i.e., the total cost is 3.340× 107 CNY and the carbon
emission is 2.023× 105 kg. The first, second, third, and forth parts of the chromosome
corresponding to this point are coded as

[ 6 10 4 7 11 7 3 14 5 14 14 13 13 12 14 ]
[4 2 1 2 3 2 2 4 4 1 3 4 4 1 4 ]
[2 2 3 1 2 1 2 2 4 1 2 2 2 1 2 ]
[3 3 1 2 4 1 3 4 2 4 3 3 3 3 4 ]
[3 3 2 2 3 3 3 3 2 2 3 3 3 3 3 ]

The above codes were decoded to obtain the recycling centers responsible for each
processing center, the models used, and the technologies used, as shown in Table 11. The
location of each node is shown in Figure 18B.

The coordinates of the point selected for class III are
(
3.363× 107, 1.961× 105), which

is noted as the sample solution for class III, i.e., total cost is 3.363× 107 CNY and carbon
emission is 1.961× 105 kg. The first, second, third, and fourth parts of the chromosome
corresponding to this point are coded as,

[ 6 10 4 7 11 12 3 14 5 9 14 1 13 12 7 ]
[3 4 3 3 3 4 2 4 2 2 3 3 4 4 4 ]
[1 2 3 1 3 3 2 2 4 1 4 2 2 1 2 ]
[3 3 1 2 3 2 3 3 3 4 4 4 3 3 3 ]
[2 3 2 2 3 2 3 3 2 1 3 3 3 3 2 ]

After the above encoding and decoding, the recycling centers, models, and technolo-
gies adopted by each processing center are obtained, as shown in Table 12. The location of
each node is shown in Figure 18(C).

Table 12. Class III sample solution analysis.

Processing
Center

Recycling Center
in Charge

Road Section Technical
Processing1 2 3

1 12 3 2 4 3

3 7 2 2 3 3

4 3 3 3 1 2

5 9 2 4 3 2

6 1 3 1 3 2

7 4, 15 3, 4 1, 2 2, 3 2, 2

9 10 2 1 4 1

10 2 4 2 3 3

11 5 3 3 3 3

12 6, 14 4, 4 4, 1 2, 3 2, 3

13 13 4 2 3 3

14 8, 11 4, 3 2, 4 3, 4 3, 3

Compare and analyze the sample solutions of class I, II, and III selected above: From
the perspective of site selection, it can be seen that among the nodes selected by class I
sample solutions, 2 nodes are located in region B, 5 nodes are located in region C, and
1 node is located in region D. Among the nodes selected by region B sample solutions,
1 node is located in region A, 3 nodes are located in region B, 5 nodes are located in region
C, and 1 node is located in region D. Among the nodes selected by class III sample solutions,
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2 nodes are located in region A, 4 are located in region B, 5 are located in region C, and
1 is located in region D, and the node selected by the sample solution of class III contains
class II, and class II contains class I. From the perspective of the selected vehicle types,
excluding some invalid codes such as starting and ending points being the same node,
it can be seen that the transportation modes between nodes are widely selected, and all
four types of vehicles have been applied. From the perspective of the selected technology,
it can be seen that the same processing center can choose 2 or more kinds of processing
technology, and each processing technology has an application. To sum up, after selecting
the regional category, the specific location, vehicle type, and technology should be taken
into consideration to optimize the whole system.

7. Conclusions

Green and low-carbon products are becoming increasingly popular, and green carbon
reduction has become the mainstream way of consumption upgrading. This paper analyzes
and summarizes the existing courier packaging recycling model, and establishes a new
courier packaging recycling model based on the concept of sharing from a low-carbon
perspective. From the perspective of engineering research, this paper proposes a complete
set of reverse logistics network design process for express packaging, especially from the
existing express network, and establishes a network optimization model by combining
qualitative and quantitative analysis, which provides a certain technical reference value
for similar projects. From the application value point of view, this paper defines the
scope of region M. According to the population of each administrative region in region
M, the design value is used to weight according to the population number to estimate the
courier volume of each administrative region in region M. The location information of
535 courier points in region M was obtained and filtered. The courier packaging recycling
mode adopted in region M was determined. This paper also randomly selects one sample
solution from each of the three types of solution sets, conducts the coding interpretation of
site selection, vehicle selection, and processing technology selection and gives an example
design scheme. The express packaging recycling network constructed in this paper can
avoid the waste of express packaging, reduce environmental pollution, and promote the
sustainable development of social environment and economy for the social development
of region M. For the express enterprises in region M, it can improve the utilization rate of
express packaging, reduce the cost, actively assume social responsibility, and establish a
good corporate image. There are shortcomings in this paper. Affected by the epidemic,
there are large errors in the estimation of express business volume in each administrative
region of M. The performance of the program written by the relevant algorithm is unstable,
and the time complexity and space complexity are not considered, and the algorithm design
and program writing should be further optimized. In future research, this aspect should be
considered more comprehensively and carefully.
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Appendix A

Table A1. Total population of each district in Region M.

Name of Administrative Region
Year

2020 2019 2018

Nanguan District 764,163 744,357 717,550
Kuancheng District 663,020 651,892 645,688
Chaoyang District 758,991 747,508 729,875
Erdao District 580,277 579,356 577,012
Lvyuan District 651,635 654,046 659,108
Shuangyang District 364,782 366,780 371,912
Jiutai District 667,942 671,291 679,336
Total population of Changchun 7,537,969 7,512,896 7,511,748

Table A2. The proportion of the population of each district in the total population of Changchun in
M region.

Name of
Administrative Region

The Percentage of the Population in the Current Year

2020 2019 2018 2018–2020

Nanguan District 10.14% 9.91% 9.55% 9.95%
Kuancheng District 8.80% 8.68% 8.60% 8.72%
Chaoyang District 10.07% 9.95% 9.72% 9.96%

Erdao District 7.70% 7.71% 7.68% 7.70%
Lvyuan District 8.64% 8.71% 8.77% 8.69%

Shuangyang District 4.84% 4.88% 4.95% 4.87%
Jiutai District 8.86% 8.94% 9.04% 8.92%

Table A3. Location of express points in Nanguan District.

Serial Number Latitude/◦N Longitude /◦E Serial Number Latitude/◦N Longitude/◦E

1 43.837454 125.327664 51 43.85571 125.400205
2 43.789996 125.437189 52 43.843923 125.425986
3 43.88474 125.350858 53 43.803751 125.315023
4 43.893736 125.35813 54 43.750018 125.409793
5 43.834801 125.333301 55 43.899874 125.332733
6 43.827144 125.329905 56 43.827882 125.414442
7 43.840422 125.373367 57 43.878994 125.336723
8 43.826949 125.375575 58 43.896309 125.351509
9 43.882053 125.349496 59 43.882392 125.347125

10 43.842641 125.374858 60 43.905428 125.342984
11 43.906604 125.343757 61 43.861626 125.359128
12 43.844766 125.380254 62 43.844444 125.38038
13 43.813458 125.457464 63 43.813495 125.465922
14 43.897753 125.338467 64 43.802057 125.283431
15 43.782392 125.406786 65 43.85151 125.450023
16 43.820709 125.314338 66 43.891005 125.339234
17 43.842253 125.40775 67 43.903562 125.344714
18 43.827599 125.32845 68 43.891354 125.337182
19 43.830943 125.309065 69 43.81103 125.400753
20 43.879202 125.334329 70 43.835494 125.433065
21 43.827144 125.329905 71 43.789372 125.375345
22 43.796082 125.309145 72 43.871081 125.353375
23 43.869381 125.339793 73 43.893203 125.350009
24 43.839403 125.356681 74 43.897777 125.345988
25 43.842627 125.348033 75 43.915569 125.360708
26 43.805436 125.29279 76 43.77458 125.269852
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Table A3. Cont.

Serial Number Latitude/◦N Longitude /◦E Serial Number Latitude/◦N Longitude/◦E

27 43.908228 125.353404 77 43.788377 125.267272
28 43.833878 125.377279 78 43.872522 125.360277
29 43.793152 125.398239 79 43.80733 125.454246
30 43.861092 125.388539 80 43.828481 125.318853
31 43.843238 125.425431 81 43.798887 125.30516
32 43.840715 125.360151 82 43.793443 125.315005
33 43.812281 125.402488 83 43.837223 125.406287
34 43.834626 125.39462 84 43.844025 125.339175
35 43.85298 125.450993 85 43.792858 125.42437
36 43.832712 125.391496 86 43.841206 125.410059
37 43.835115 125.442014 87 43.792006 125.395835
38 43.893361 125.352221 88 43.852766 125.356367
39 43.8931 125.34364 89 43.899677 125.344485
40 43.89796 125.352507 90 43.802605 125.336546
41 43.860657 125.369726 91 43.880092 125.345643
42 43.838179 125.460384 92 43.899882 125.332816
43 43.826313 125.378839 93 43.833841 125.367847
44 43.83805 125.412816 94 43.840575 125.408217
45 43.834954 125.392255 95 43.833253 125.388789
46 43.893672 125.346473 96 43.82796 125.379248
47 43.903571 125.353122 97 43.835528 125.380312
48 43.790302 125.440001 98 43.811003 125.397103
49 43.82728 125.375988 99 43.821876 125.453335
50 43.837934 125.300282
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