
www.manaraa.com

sustainability

Article

Redesigning the Municipal Solid Waste Supply Chain
Considering the Classified Collection and Disposal: A Case
Study of Incinerable Waste in Beijing

Xiaoyu Yang 1, Xiaopeng Guo 1,2,* and Kun Yang 1

����������
�������

Citation: Yang, X.; Guo, X.; Yang, K.

Redesigning the Municipal Solid

Waste Supply Chain Considering the

Classified Collection and Disposal: A

Case Study of Incinerable Waste in

Beijing. Sustainability 2021, 13, 9855.

https://doi.org/10.3390/su13179855

Academic Editor: Tan Yigitcanlar

Received: 19 July 2021

Accepted: 20 August 2021

Published: 2 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Economics and Management, North China Electric Power University, Beijing 102206, China;
yxyxiaoyu2016@163.com (X.Y.); yangkun@ncepu.edu.cn (K.Y.)

2 Beijing Key Laboratory of New Energy and Low-Carbon Development, North China Electric Power
University, Beijing 102206, China

* Correspondence: 13520328997@163.com

Abstract: The output of municipal solid waste is growing rapidly, which has brought tremendous
pressure to urban development. The supply chain of municipal solid waste (MSW) in China mainly
contains three processes: collection, transportation, and disposal. The waste is sorted at the collection
and disposed of according to the classification. However, it is mixed at the transportation stage.
Mixed transportation remixes the separately collected waste, which seriously affects the disposal
effect. The supply chain of MSW urgently needs to be redesigned to improve the MSW disposal effect.
First of all, on the ground of the waste treatment situation, we redesigned the supply chain of MSW
in China. Secondly, combined with the redesign of the MSW supply chain, this paper established
the function allocation model for collection stations, making a collection station only gather one
type of waste, and built the transportation path planning model for vehicles, reducing the impact of
waste storage on residents. Finally, based on the data of Xuanwu District in Beijing, the supply chain
redesigning practical example of incinerable waste was given. The supply chain redesigning model
in this paper not only makes full use of the existing infrastructure but also improves the disposal
effect of waste. The supply chain redesigning model has practical application value.

Keywords: waste sorting; supply chain redesigning; function allocation; path planning; incinera-
ble waste

1. Introduction

The acceleration of urbanization has led to a sharp increase in MSW output. In
China, the output of waste has increased at a rate of 8–10% every year, and disposed MSW
capacity in 2019 reached 242 million tons (Data from National Bureau of Statistics of China).
Effectively dealing with MSW has become a major problem that must be solved in urban
development. Waste incineration power generation is the best method of waste disposal
under the principle of “reduction, harmlessness, and resource reuse”, which has received
increased attention. After years of development, waste incineration has achieved significant
economic benefits in some developed countries. However, in China, the economic efficiency
and emissions of incinerating waste for power are unsatisfactory. Even in large developed
cities, such as Beijing and Shanghai, the problem is also serious.

The costs of incinerating waste for power in Beijing Gaoantun Waste to Energy co.,
Ltd., Beijing Shunyi District Municipal Waste Treatment Plant, Beijing Shougang Bioenergy
Science & Technology Co., Ltd., have been analyzed. The results show that the social cost of
burning 1 ton of MSW is about 1088.49 yuan, of which 70% comes from the loss of health in
society caused by the dioxin generated by waste incineration [1]. It is common knowledge
that incomplete waste classification and excessive impurities are the roots of dioxins in
waste incineration. Improving the waste incineration effect is an urgent problem for the
waste treatment industry.
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In China, from generation to disposal, the MSW supply chain mainly contains collec-
tion, transportation, and disposal processes. Many cities, such as Beijing and Shanghai,
have already realized the sorting collection and disposal of MSW. The MSW is divided into
recyclables, hazardous waste, kitchen waste (organic waste), and other waste. In order to
improve waste recycling and reduction, since 2019, many local governments have issued
strict waste classification policies, such as the “Management Regulations of Shanghai
Municipal Solid Waste Classification” and the “Management Regulations of Beijing Munic-
ipal Solid Waste”. However, in transportation, MSW is mostly mixed transported, which
mixes the sorting waste together, seriously destroying the waste classification results and
affecting the waste disposal effect. It is urgent to change the supply chain mode. Therefore,
combined with the waste treatment statute, we redesign the MSW supply chain and replan
the waste collection and transportation under the existing waste treatment facilities. The
specific structure of this paper is shown in Figure 1.
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2. Literature Review

The redesign of the MSW supply chain should consider the situation of waste collec-
tion and transportation [2]. Therefore, we summarize the research about waste supply chain
design, the waste collection facilities layout, and the transportation route optimization.

2.1. The Design of MSW Supply Chain

MSW supply chain design and management can effectively resolve energy supply,
waste management, and greenhouse gas issues [3]. In order to promote waste recovery,
treatment, and recycling, previous research has studied the methods to improve the MSW
collection effect [4,5], the waste governance modes [6], and the distribution of profits among
all parties in the MSW supply chain [7,8], which provide the basis for MSW supply chain
design. In MSW supply chain research, several studies using multi-objective programming
methods design or optimize the MSW supply chain with economic, environmental, and
social impact [9–11]. Additionally, with the deepening of MSW supply chain research, the
effect of the uncertainty of waste collection levels [12] and sustainability issues such as
land-use and public health impacts [13] on waste supply chain design have been focused on.

The mixed-integer linear programming (MILP) method has also been applied in the
design of the waste supply chain. Previous studies mainly use the MILP method to explore
the environmental impact [14] and the conflicts of waste collection and supply [15] on
supply chain design. After that, a two-stage stochastic MILP model is formulated to exam-
ine the effects of the power price uncertainties on the MSW supply chain design [16] [15].
Additionally, an MILP model for waste supply chain networks containing the logistics,
production, and distribution is presented with the aim of maximum profit of the entire
supply chain [17].

Generally, the design of the waste supply chain mostly uses multi-objective planning
methods, considering the economic and environmental impacts. However, previous studies
have mostly neglected the waste classified and the existing infrastructure, which is not
suitable for the redesign of the MSW supply chain. Therefore, combined with the current
status of waste collection, transportation, and facility layout, this paper redesigns the waste
supply chain, which effectively improves the waste supply chain in the case of waste
sorting clearance and treatment.

2.2. The Layout of Waste Treatment Facility

The layout of waste treatment facilities is closely related to environmental protection
and residents’ lives. In different processing stages, treatment facilities are different. They
mainly contain various waste treatment plants and waste collection stations that collect
waste generated by residents. The location of waste collection stations is mostly close to
the residential quarter. When waste is stored and removed, collection stations generate
irritating gas, affecting nearby residents’ lives [18]. There is a direct relationship between the
surrounding environment of the waste collection station, the storage time of waste, and the
times of vehicle clearance operations [19]. Additionally, when the waste classification level
improves, the energy consumption and emission of waste collection stations is reduced [20].

Multi-objective programming and the geographic information system (GIS) are the
most common methods used to research the layout of waste treatment facilities. Yadav et al.
combined GIS with multi-objective programming to research the layout of waste transfer
centers [21]. Based on the same method, Yadav et al. further studied the layout of waste
transfer centers with the optimal economic cost when the waste output is uncertain [22].
Liu et al. analyzed the natural environment and human environment of Beijing by GIS and,
using the multi-objective programming method, planned the layout of the waste collection
station [23]. Furthermore, the disposal of waste has the most serious impact on the environ-
ment, so the location problem of waste disposal plants is mainly discussed, and the layout
of landfill is mostly focused on plants’ location selection [24–28]. The energy conversion
rate also is one of the factors that affect the location of waste disposal plants. Kyriakis et al.
selected a site for a waste-to-energy facility, under the constraints of maximum output
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energy and minimization of the gate fee [29]. Summarizing the previous studies, we found
that few studies have studied the layout of facilities in waste classification.

It is found that the waste collection station has a great impact on residents’ lives,
and the impact of waste collection stations on the surrounding environment is directly
proportional to the waste storage time and the clearance times of vehicles. Therefore, the
redesign of the MSW supply chain should fully consider the impact on the surrounding
residents, reducing the storage time and clearance times of the waste collection station.

2.3. The Optimization of Waste Transportation Routes

Transportation is an important process in the MSW supply chain. The optimization of
waste transportation mostly has the goal of minimum economic cost [30] or transportation
distance [31–33]. However, the above studies only optimized waste transportation under
a single objective. The single-objective method has significant shortcomings in waste
transportation optimization [34]. The multi-objective optimization model was established
considering both transportation costs and social environmental impact. With the constraints
of minimum transportation distances and emissions, Zdena et al., using GIS, optimized
the path and schedule of waste transportation vehicles [35]. Dirk et al. studied the
feasibility of using multimodal trucks and waterway transportation instead of waste
highway transportation in the waste supply chain with the restrains of transportation costs
and social impact [36].

GIS also is one of the common methods in transportation route optimization [37].
Kinobe et al. used GIS to select the site of the waste landfill plant in Kampala under the con-
straint of waste transportation routes and time [38]. Additionally, the simulation method
has also been applied in waste transportation optimization. Khanh et al. established a
multi-intelligent waste transportation simulation model for Hagiang city in Vietnam [39].
Xue et al. reviewed the problems of waste collection and disposal in Singapore and utilized
the space allocation model, studying the resource allocation of waste incineration [40].

Generally, in transportation route optimization, previous studies mostly use GIS or
mathematical algorithms to optimize vehicle routes under the constraints of the economy.
Moreover, most studies were conducted under waste mixed collection and transportation.
Few scholars have researched the collection and transportation of waste in classification.
Additionally, very little research has considered the perishability of waste, combining
waste storage and transportation together, exploring waste transportation paths with the
minimum impact on the surrounding environment.

Based on the current situation of waste collection, transportation, and disposal, this
paper redesigned the supply chain of waste sorting. First of all, on the basis of the existing
layout of the waste collection stations, we distributed the function of waste collection
stations, changing the mode of one collection station collecting various types of waste
to one type of waste. Secondly, in order to reduce the impact of waste collection and
transportation on surrounding residents, with the goal of minimum storage time and
transportation distance, this paper optimized the path of waste transportation vehicles.
Finally, the case study about Xuanwu District in Beijing was given. It is hoped that the
research in this paper can help to improve the effect of the waste disposed and provide a
reference for the supply chain mode redesign in waste sorting.

3. The Methodology for Supply Chain Redesign
3.1. The Supply Chain Redesign

In the actual treatment of waste, from generation to disposal, the waste mainly passes
the three processes: collection, transportation, and disposal. Residents transfer the waste
generated by the family to the waste cans in the community collection point; then, the
property in the community mixes the separately collected waste and transports it to the
nearby waste collection station. Additionally, after a short period of storage, the waste
is transported to the waste treatment plant by truck. When the distance between the
waste collection station and the treatment plant is far, it is necessary to set up a waste
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transfer center. To improve the treatment effect, the transfer center compresses and sorts
the waste. To vividly express the waste treatment processing, Figure 2, the current waste
collection–transportation–disposal process in China, has been given.
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Through investigation, it was found that when waste was transported from the
residential area to the collection station, the sorted waste began to be mixed. It is necessary
to prevent the mixed transportation of waste in this process. In order to restrict the mixed
transportation, this paper redesigned the MSW supply chain, in which the waste collection
station only gathers and transports one type of waste. The supply chain of sorting waste is
shown in Figure 3.
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3.2. The Function Allocation Model for Waste Collection Station

The essential basis of the redesigned MSW supply chain is that each waste collection
station only collects and transports one type of waste. In order to realize the design, the
function of collection stations needs to be redistributed. Additionally, the number and
capacity of every type of waste collection station should fulfill the waste output and the
proportion in total waste output. The proportions of kitchen waste, recyclable waste,
disposable packaging, and other waste within the total amount of MSW, respectively, are
52.2%, 17.2%, 9.9%, and 20.7% [41]. Disposable packaging and other waste both can be
incinerated, so the proportions of kitchen waste, incinerable waste, and recyclable waste
in MSW, respectively, are 52.2%, 30.6%, and 17.2%. Therefore, kitchen waste collection
stations account for 52.2% of the total collection stations, incinerable waste collection
stations account for 30.6%, and the rest are recyclable waste collection stations. Affected by
local characteristics and urban functions, the composition of MSW is various in different
cities [42] and locations [43]. In actual applications, the proportion of collection stations
needs to be adjusted according to the local conditions. The amount of renewable waste is
relatively small, and most of it is collected by waste pickers; this paper focuses on kitchen
waste and incinerable waste.
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3.2.1. Modeling Assumptions

Since the function allocation model is built on the existing collection stations, the
construction cost of the collection station is no longer considered in the total cost. In order
to make the model reasonable, this paper makes assumptions about the distribution of
waste generation sources, waste transportation costs, and other factors.

(1) The waste production sources are evenly distributed around the collection station.
(2) The capacity of the collection station meets the maximum volume of waste in one day.
(3) The unit cost of waste transportation is the same between all stations.
(4) Collection stations can gather the same kind of waste from multiple residential areas.
(5) The same kind of waste in a waste production source can be transported to multiple

collection stations.
(6) Straight-line transportation can be realized from the waste production source to the

collection station, and the transportation distance can be calculated by the Euclidean
Distance.

(7) The construction and operation of collection stations are the same, and the impact of
collection stations on the surrounding environment is equal.

(8) There is no demolished risk for the existing collection stations.

3.2.2. Symbol Description

There are many variables. Additionally, we use the following symbols to repre-
sent them.

(1) Common variables:
N The aggregate of waste collection stations, i ∈ N, i = {1, 2, . . . n}.
N0 The aggregate of waste production source, j ∈ N0
Ci The capacity of waste collection station, i ∈ N
gj The volume of kitchen waste in waste production source j, j ∈ N0

pj The volume of incinerable waste in waste production source j, j ∈ N0
fij The volume of kitchen waste transferred from production source j to collection station i
f1ij The volume of incinerable waste transferred from production source j to collection station i
dij The distance between i and j

(2) Decision variables:

Zi =


1, if collection station i gather kitchen waste

0, if not

Zij =


1, if the kitchen waste in production source j transported to collection station i

0, if not

Mi =


1, if collection station i gather incinerated garbage

0, if not

Mij =


1, if the incinerated gargage in production source j transported to collection station i

0, if not
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3.2.3. The Function Allocation Model

With the above assumptions and symbol definitions, in waste classification, the func-
tion allocation for waste collection stations can be described as the following mathemati-
cal model.

minF = ∑
i∈N

∑
j∈N0

Zi ∗ Zij ∗ gj ∗ dij +∑
i∈N

∑
j∈N0

Mi ∗Mij ∗ pj ∗ dij (1)

Formula (1) is the objective function, which has the goal of minimizing transportation
volume and distance of kitchen waste and incinerable waste from production sources to
collection stations.

Formulas (2)–(9) are constraints.

Mi + Zi ≤ 1, ∀i ∈ N (2)

Formula (2) indicates that a collection station only gathers and transports one type
of waste.

∑
j∈N0

gj − ∑
i∈N

Zi ∗ Ci ≤ 0 (3)

∑
j∈N0

Pj − ∑
i∈N

Mi ∗ Ci ≤ 0 (4)

Formulas (3) and (4) indicate that the total capacity of the selected collection sta-
tions for kitchen waste or incinerable waste should meet the output of kitchen waste or
incinerable waste.

gj − ∑
i∈N

Zi ∗ Zij∗ fij = 0, ∀j ∈ N0 (5)

pj − ∑
i∈N

Mi ∗Mij∗ f1ij = 0, ∀j ∈ N0 (6)

Formulas (5) and (6) indicate that all kitchen waste and incinerable waste in waste
production sources are collected by collection situations.

∑
i∈N

Zi = 52.2% ∗ n (7)

∑
i∈N

Mi = 30.6% ∗ n (8)

Formulas (7) and (8) are the quantity constraints of collection stations. The number of
collection stations should satisfy the proportion of kitchen waste and incinerable waste.
Because one collection station only collects one kind of garbage, it is necessary to take the
integer of the number of collection stations. This paper rounds up the number of collection
stations to ensure the collection station is enough to accommodate all the waste.

Zi, Mi, Zij, Mij∈ {0, 1} (9)

Formula (9) is the range of decision variables, which is 1 or 0.

3.3. The Transportation Path Planning Model for Waste Truck

Through the allocation of the waste collection station function, the design that one
collection station receives and transports one type of waste has been realized. In order
to prevent the mixed transportation of waste from the collection station to the transfer
center, this paper plans the path of the waste truck that transfers the same kind of waste in
collection stations on the basis of the function allocation. Combined with the impact of the
waste collection station on the surrounding environment, under the goals of the shortest
transportation path of the truck, the shortest storage time of waste in the collection station,
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and the minimum transported times of waste for the collection station, a waste truck path
optimization model for one kind of waste was established.

3.3.1. Modeling Assumptions

In order to make the model reasonable, this paper makes the following assumptions.

(1) The amount of waste in the collection station is known and will not significantly
change.

(2) When the load and time permit, the truck can go to multiple collection stations to
transport waste.

(3) The truck does not affect each other in driving and operation;
(4) The opening hours of the collection station are consistent with the waste truck.
(5) The truck travels at the same speed.
(6) Straight-line transportation can be realized between collection stations, and the dis-

tance is equal to the Euclidean Distance.
(7) All trucks start from the transfer center, and after finished waste transportation, they

will return to the transfer center.
(8) The unit transportation cost of trucks is the same.

3.3.2. Symbol Description

There are many variables. Additionally, we use the following symbols to repre-
sent them.

(1) Common variables:

N1
The aggregate of waste collection stations i that gather the same kind of waste,
i ∈ N1,i = {1, 2, . . . n}

N2 The aggregate of the transfer center and the aggregate of the waste collection station N1
qi The volume of waste in the collection station i, i ∈ N1.
K The aggregate of a waste truck k, k ∈ K,k = {1, 2, . . . k}
C The number aggregate of a truck, c = {1, 2, 3 . . . c}, c ∈ C.
W The maximum load of a truck
e The collection station starting work time
l The collection station ending work time
v The speed of a truck
S Time for waste truck loading

Tk
ic

The time point that the collection station i was cleared by the truck k when it starts from
transfer center in Cth time.

qk
ic

The transported volume of waste in collection stations i, if the truck k collected waste from
collection station i when it starts from transfer center in Cth time.

(2) Decision variables:

Xk
ic =


1, if the truck k collected the garbage in the collection

station i when it departs from transfer center in Cth time

0, if not

Xk
ijc =


1, if the trunk pass through path between i and j

when it departs from transfer center in Cth time (i, j ∈ N2)

0, if not

3.3.3. The Transportation Path Planning Model

In transportation path planning, with the same unit transportation cost of trucks, the
smaller the mileage of vehicles, the lower the total cost of transportation [31–33]. Therefore,
the mileage of vehicles is used to represent the economic benefits of waste transportation.
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The irritating gas generated by the waste in collection stations significantly affects the
nearby residents’ lives [18]; transportation path planning should consider the impact
of irritating gas on residents. There is a direct relationship between the surrounding
environment of the waste collection station, the storage time of waste, and the times of
vehicle clearance operations [19], so the storage time of waste and the transported times
of collection stations are used to represent the impacts of the waste collection station on
the surrounding environment. The path optimization model for the waste truck aims at
achieving the shortest travel path for the truck, the shortest waste storage time for the
collection station, and the minimum times for waste transportation in the collection station.
The constraints of the model include vehicle load, waste transportation volume, and the
working time of the collection station.

minF = w1F1 + w2F2 + w3F3 (10)

F1 = ∑
k∈K

∑
c∈C

∑
i∈N2

dij ∗ Xk
ijc (11)

F2 = ∑
i∈N1

max
{

TK
ic , i = 1, 2, . . . n

}
(12)

F3 = ∑
k∈K

∑
c∈C

∑
i∈N2

Xk
ic (13)

Equation (10) is the overall objective function; F1, F2, and F3 are the sub-objectives,
whose specific explanations are Formulas (11)–(13); w1, w2, and w3 are the weight of
the sub-objective.

F1 is the total travel distances of trucks, which are the sum distances of every truck.
Additionally, every trucks’ travel distances are affected by dij, the distance between i and j,
and Xk

ijc, whether the truck passes through the way between i and j when the truck starts
from the transfer center in Cth time.

F2 is the total waste storage time of collection stations, which is the sum of the
maximum of Tk

ic, ∀i ∈ N1, the time that every collection station i was transferred by the
truck k, when it starts from the transfer center in Cth time.

F3 is the total time for collection stations transported by trucks, which is the sum of
times that all collection stations are transported by all waste trucks. The specific calculation
is shown in Equation (13).

The waste collection stations are close to the residential quarter. Waste with long-time
storage produces a significant amount of irritating gas, which has a serious impact on
the lives of surrounding residents, especially in summer. In order to achieve the optimal
economic and environmental benefits, this paper assumes that economic impacts and
environmental impacts are equally important when transporting waste. Therefore, w1, the
weight of vehicles mileage, is equal to the sum of w2, the weight of waste storage time, and
w3, the weight of the waste in collection stations be transported times. Since the effect of
waste storage time on the environment is more than the impact of transported times, the
weight of storage time should be greater than the transported times. We assume that w1,
w2, and w3, respectively, are 0.5, 0.3, and 0.2.

∑
k∈K

∑
c∈C

Xk
ic ≥ 1, ∀i ∈ N1 (14)

∑
i∈N1

∑
k∈K

∑
c∈C

Xk
ic ≥ n (15)
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Equations (14) and (15) are the constraints of waste transported times in the collection
station. Formula (14) indicates that the waste in the collection station must be transported,
and Formula (15) indicates that a collection station can be transported multiple times.

∑
i∈N1

∑
k∈K

∑
c∈C

qk
ic ∗ Xk

ic ≥ ∑
i∈N1

qi (16)

∑
k∈K

∑
c∈C

qk
ic ∗ Xk

ic ≥ qi, ∀i ∈ N1 (17)

Formulas (16) and (17) are the transportation volume constraints. Formula (16) indi-
cates that the total transportation volume of waste trucks is equal to the storage volume
of collection stations. Formula (17) indicates that the amount of waste being transported
at each collection station is equal to the amount stored. Additionally, qk

ic is the shipment
volume of the truck when it passes through collection station i, which is greater than 0.

∑
c∈C

∑
i∈N1

qk
ic ≤ w, ∀k ∈ K (18)

Formula (18) is the truck’s load constraints, which mean that for any vehicle, the load
cannot exceed the vehicle maximum load.

Tk
ic = e +

c

∑
c=1

XK
ijc ∗ dij÷v +

[
n

∑
i=1

c

∑
c=1

Xk
ic

]
∗ S (19)

Formula (19) is the working time constraints, which mean that when the waste in the
collection station i is transported, the time must be the working time of collection station,
e C Tk

ic C l. Additionally, Tk
ic is the sum of the time collection station starting work, the

time truck driving on the road, and the loading time. The driving time is calculated by the
travel distance and truck speed. The loading time is equal to the product of the number of
loading times and the time required to load once.

4. Data Collection and Processing

Waste disposal should follow the principles of reduction, recycling, and harmlessness.
Due to the large demand for land, the landfill has no longer been used in an increasing
number of countries and districts. In China, renewable waste is mostly collected by waste
pickers. Therefore, we mainly discuss the supply chain of waste for incinerated, based
on the actual data of Xuanwu District (It has been merged with other districts, becoming
Xicheng District) in Beijing.

Xuanwu District is located in the southwest of Beijing. The shape of Xuanwu District is
similar to a rectangle, and the total area is 19.04 square km. There are about 107 communities
in Xuanwu District, with an approximate population of 544,000. In general, Xuanwu
District has a large population, frequent personnel activities, and a large amount of waste
production. There are 30 waste collection stations in Xuanwu District, and their distribution
is shown in Figure 4. After collecting and temporarily storing, the waste in Xuanwu District
is transported to the Majialou Sorting Transfer Station (Majialou transfer center). In the
transfer station, the waste is transported to the corresponding disposal plant for processing
after weighing, sorting, compressing, and removing impurities.
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(1) The basic data of waste output and collection stations

This paper quotes the basic data of collection stations and waste output in Xuanwu
District from the “Research on Vehicle Dispatching and Optimization of Beijing Refuse
Collection based on Municipal Solid Waste Classification” [44]. There are two working
hours for waste collection and transportation. Since the waste output and the trucks are
the same, we design the waste collection and transportation model using the data in the
working hours from 5:30 to 13:30. We calculated the quantity of kitchen waste, incinerable
waste, and recyclable waste in each collection station according to the proportion of them
in total waste output [41] and established the coordinate system using the point (116.3334,
39.840239) as the origin. The coordinate value of each point is calculated by gpsCalc (2.0).
The waste output and coordinate value are shown in Table 1.

The layout of the waste collection stations shows that the distribution of waste col-
lection stations is uneven, and the waste collection stations are dense in some areas. For
example, for Nanweilu, Xiannongtan, and Yaowu, the longest distance between them is
only 696 m, and the waste collection volume of Yaowu and Xiannongtan is only 3 tons.
This violates the construction requirements of the collection stations. Therefore, the waste
collection stations in Xuanwu District have been filtrated. Additionally, 8 waste collection
stations with 3 tons maximum capacity were eliminated; they are Yaowu, Xiannongtan,
Gongyun, Kangleli, Jianxue, Wuyuan, Yinchaochang, and Sanyili.

(2) The basic data of vehicles

At present, there are 22 vehicles in the Majialou transfer center, including 18 vehicles
with a load of 3 tons and 4 waste compression vehicles with a load of 6.1 tons. Considering
the amount of waste, and the professional development of waste transportation, we assume
that the 4 waste compression vehicles with the load of 6.1 tons are responsible for the
transportation of incinerable waste.

(3) The basic data of working time

The waste collection stations and the vehicles both start working at 5:30 in the morn-
ing. Additionally, the vehicles need to complete the transportation of all waste in the
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collection stations before 13:30 in the afternoon. It is assumed that the loading time of
waste compression vehicles is 20 min, 0.33 h. Additionally, the speed of the vehicles is
30 km per hour.

Table 1. The basic data of collection stations and waste output.

Number Name X Position
(m)

Y Position
(m)

The Amount
of Kitchen
Waste (Kg)

The Amount
of Incinerable

Waste (Kg)

The Amount of
Recyclable
Waste (Kg)

The Maximum
Capacity of
Collection

Station (Kg)

1 Meishijie 7659 6925 12,685 7436 4180 27,000
2 Liuxuelu 7536 6233 5638 3305 1858 12,000
3 Dongli 5288 7309 2819 1652 929 6000
4 Luomashi 5688 6193 5638 3305 1858 12,000
5 Beiweilu 7581 5590 4228 2479 1393 9000
6 Nanweilu 7236 5227 7047 4131 2322 15,000
7 Yaowu 7714 4951 1409 826 464 3000
8 Xiannongtan 7692 4624 1409 826 464 3000
9 Gongyun 6022 4356 1409 826 464 3000
10 Ximeng 5533 4298 5638 3305 1858 12,000
11 Houbalou 4620 7183 7047 4131 2322 15,000
12 Kangleli 4564 6677 1409 826 464 3000
13 Jianxue 4776 6408 1409 826 464 3000
14 Jiaozi 4497 5993 4228 2479 1393 9000
15 Chunfeng 4419 5606 4228 2479 1393 9000
16 Ganhua 4163 6644 4228 2479 1393 9000
17 Deyuan 3373 6020 4228 2479 1393 9000
18 Huaibaishu 3195 6782 4228 2479 1393 9000
19 Wuyuan 2672 6700 1409 826 464 3000
20 Daguanyuan 2983 4723 8456 4957 2786 18,000
21 Yinchaochang 3162 4392 1409 826 464 3000
22 Yijian 3662 4103 4228 2479 1393 9000
23 Shoupakou 1759 6588 9866 5783 3251 21,000
24 Baicaiwan 2315 5813 7047 4131 2322 15,000
25 Jingtie 1770 5387 4228 2479 1393 9000
26 Xiaohongmiao 1369 5364 7047 4131 2322 15,000
27 Honglian 868 5677 7047 4131 2322 15,000
28 Maliandao 546 5845 7047 4131 2322 15,000
29 Sanyili 323 6058 1409 826 464 3000
30 Chama 0 5036 4228 2479 1393 9000

31
Majialou
transfer
center

2661 0 – – – –

5. Results and Discussion

The supply chain of incinerable waste under the classification is redesigned. Based
on the data of Xuanwu District, a supply chain redesign case is given, which provides a
reference for supply chain redesign in other places.

5.1. The Function Allocated Result of Collection Stations

In order to sort collection and transportation waste, 22 eligible collection stations in
Xuanwu District were analyzed. Due to limited data, the 30 waste collection stations are
used to simulate the distribution of waste generation sources in Xuanwu District. The
function allocation model with the goal of minimum waste transportation volume and
transportation distance is established. Incinerable waste accounts for 30.6% of the total
output of waste, so the number of incinerable waste collection stations should be 6.44.
Rounding up the number of collection stations, the number of incinerable waste collection
stations is set at 7. This paper uses Lingo 11 software to solve the function allocation model.



www.manaraa.com

Sustainability 2021, 13, 9855 14 of 20

After the function allocation, the waste that can be used for incinerating power
generation in Xuanwu District only needs 7 waste collection stations to gather. They
are Chunfeng, Huaibaishu, Yijian, Baicaiwan, Xiaohongmiao, Nanweilu, and Maliandao
collection station. The specific results are shown in Table 2. The distribution of incinerable
waste collection stations is shown in Figure 5, and the collection stations with purple are
incinerable waste collection stations.

Table 2. The location and inventory of incinerable waste collection stations.

Number Name X Position
(m)

Y Position
(m)

The Maximum Capacity of
Collection Station

(Kg)

The Volume of Incinerable
Waste
(Kg)

1 Chunfeng 4419 5606 9000 8689
2 Huaibaishu 3195 6782 9000 8689
3 Yijian 3662 4103 9000 8689
4 Baicaiwan 2315 5813 15,000 14,482
5 Xiaohongmiao 1369 5364 15,000 14,482
6 Nanweilu 7236 5227 15,000 14,482
7 Maliandao 546 5845 15,000 14,482

0 Majialou
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It should be noted that due to the function allocation of collection stations, the trans-
portation of waste in residential areas to collection stations has changed. As shown in the
dotted box in Figure 5, in the original MSW supply chain mode, the community of Chun-
feng only needs to transport all the waste to the nearest collection station Daguanyuan,
but in the new mode, it should transport the kitchen waste to the Daguanyuan collection
station and transport the incinerable garbage to Yijian collection station, which significantly
increased the waste transportation distance and workload from residential areas to the
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collection station. Owing to shortages of waste production and transportation data in
residential areas, this paper cannot measure the change of waste transportation workload
from residential areas to collection stations.

The optimization model of the waste transportation path is carried out on the basis of
the distribution of incinerable waste collection stations. The Majialou transportation center
needs to complete the waste transportation in the seven collection stations.

5.2. The Results of Transportation Path Planning

To prevent mixed transportation and reduce the impact of collection stations on resi-
dents’ lives, the transportation path of incinerable waste has been studied. The destination
of waste transportation is the Majialou transfer center, and the transportation vehicle is
the waste compression truck with a load of 6.1 tons. The start and end of the waste truck
are both the Majialou transfer center. With the help of Matlab R2014b software, this paper
uses a particle swarm algorithm to solve the path planning model. The specific solution
processes are as follows.

(1) The dimensionless treatment of objective functions

Due to the different measurement units, the objective functions need to be processed.
In this paper, the extremum method was utilized to perform dimensionless processing.
First, under a single objective, the optimal value was calculated and used as a magni-
tude standard. Then, using the objective function values under multiple objectives, the
corresponding magnitude standard as the dimensionless values was divided.

(2) Model solution using particle swarm optimization

The particle swarm algorithm is a commonly used intelligent solution algorithm,
which has the advantages of fewer parameters and easier implementation. Combined with
previous research [45], the initialization parameters are set. This paper sets the range of
particle position as [0, 1] and the speed range as [−0.1, 0.1]; the population size is 200,
the number of iterations is 200, and the acceleration coefficient C1 and C2 both are 2; the
parameter inertia weight is 0.8 and 0.4. In order to improve the ability to seek optimization,
during the calculation process, the parameter inertia weight is adjusted from large to small.

The particle swarm algorithm relies on iterative learning to find the optimal solution
of the model. In iteration, the optimal solution of the model was determined by the optimal
value of the particle and the average value of the population. After solving the waste truck
transportation path model by particle swarm optimization, we obtained the value of the
average target and optimal target (Figure 6). The results show that after 20 times iteration,
the optimal transportation path scheme was found, and the vehicle’s transportation path is
shown in Table 3.

Since the amount of waste in one collection station is greater than the load of the waste
truck, the waste truck needs to go to the collection station several times. At the beginning
of waste transportation, waste trucks will be fully loaded by transporting waste in one
collection station. Additionally, then, waste trucks should collect waste in several stations
to achieve a full load. The waste trucks 1 and 4 both completed transportation four times,
and the waste trucks 2 and 3 completed transportation three times. The waste in collection
station 7 (Maliandao, the number of collection station is shown in Table 2) was finished
being first transported, and the waste storage time in collection station 7 is the shortest;
the waste in collection station 2 (Huaibaishu) was finished being transported last, and the
waste storage time in collection station 2 is the longest.
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Table 3. The path and time of vehicles.

Vehicles Name Path and Time

Truck 1
The number of collection station 0 5 0 5 0 3 0 3 1 2 0

Arrival time 5.5 6.02 6.83 7.35 8.17 8.49 9.11 9.43 9.8 10.12 10.79
Departure time 5.5 6.32 6.83 7.65 8.17 8.79 9.11 9.73 10.1 10.42 11.09

Truck 2
The number of collection station 0 4 0 6 0 7 0 – – – –

Arrival time 5.5 6.02 6.84 7.36 8.18 8.71 9.54 – – – –
Departure time 5.5 6.32 6.84 7.66 8.18 9.01 9.54 – – – –

Truck 3
The number of collection station 0 7 0 6 0 7 6 5 0 – –

Arrival time 5.5 6.03 6.85 7.37 8.19 8.72 9.03 9.34 10.16 – –
Departure time 5.5 6.33 6.85 7.67 8.19 9.02 9.33 9.64 10.46 – –

Truck 4
The number of collection station 0 4 0 2 0 1 0 5 4 3 0

Arrival time 5.5 6.02 6.84 7.21 7.88 8.23 8.88 9.4 9.73 10.07 10.69
Departure time 5.5 6.32 6.84 7.51 7.88 8.53 8.88 9.7 10.03 10.37 10.99

5.3. Discussion of the Supply Chain Redesign Results

There is an inevitable requirement for sustainable development of cities that decrement
harmless and resources for waste treatment. In China, waste treatment has become a major
issue in the sustainable development of cities, either large cities or small towns. Based
on the present situation that mixed transportation seriously affects the waste classified
disposal and sorted collection effect, this paper redesigns the waste supply chain to improve
the waste treatment effect. In collection processing, the redesigned waste supply chain
can supervise the waste classification effect, which is conducive to evaluating the waste
classification effect of each enterprise, public institution, and community. In transportation
processing, it can effectively avoid waste mixed transportation, reduce mutual pollution
between waste, and solve the problem of false waste classification. Additionally, in disposal
processing, it is helpful to improve the final disposal effect of waste and solve the problem
caused by excessive impurities [46].

To achieve sustainable development, Beijing, Shanghai, and many other cities have
issued strict waste classification policies, hoping to improve the level of classification
of waste collected. However, mixed transportation mixes the classified collected waste
together, which makes the front-end of the waste supply chain classified collection invalid
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and seriously affects the waste disposal effect of the supply chain back-end. Based on the
existing infrastructure, this paper redesigns the sorting waste collection–transportation–
disposal supply chain and allocates the function of the waste collection station, making
the waste collection station only collect and transport one type of waste. Compared with
the original waste supply chain mode, the new waste supply chain mode proposed in this
paper can provide corresponding supporting facilities for the waste classification policy.
The improvement of the waste supply chain can ensure the effect of the waste classification
policy and promote the implementation of the waste classification policy.

In addition, the waste supply chain proposed in this paper is contributed to promote
the waste transportation infrastructure upgrades. The waste classified collection and
transportation is conducive to maximizing the advantages of professional waste removal
facilities, improving the waste removal efficiency. In waste transportation, with the goal
of optimal transportation distance and impact of the collection station on surrounding
residents, this paper studies the path planning under the waste classification. Affected
by the waste transportation facilities situation, the trucks actually used in transportation
fail to fully meet the professional standards of trucks used in this paper. Therefore, it
is impossible to quantitatively calculate the improved benefits of waste transportation.
Combined with the specialization requirements of waste removal and treatment, the waste
trucks will be more specialized in the future.

It should be noted that the waste supply chain mode proposed in this paper may
increase the workload of transporting waste from residential areas to collection stations
and augment the specialized equipment for waste transportation. In the original model, the
waste in one community only needs to be transported to one collection station. However,
in the redesigned waste supply chain, the waste in one community needs to be transported
to the corresponding sorting collection stations, which will increase the transport distance.
Due to the lack of residential areas’ waste production data, it is impossible to specifically
measure the increased workload of waste transportation from residential areas to collection
stations. Additionally, because the redesigned supply chain has not yet been applied, it is
impossible to concretely measure the improved ecological footprint or carbon emission
in waste disposal. However, considering the situation that the social health cost of waste
incineration is 764 yuan/ton, accounting for 70% of the waste incineration cost, which is
close to the total cost of waste collection cost in residential areas and waste transportation
costs from residential areas to the collection station [1], it is feasible to improve the effec-
tiveness of waste incineration by optimizing the collection and transportation mode since,
in long-term operational effects, the redesigned supply chain will play a positive role in
the sustainable development of cities.

6. Conclusions

In China, mixed transportation is still the main mode of waste transportation, which
mixes the sorted waste, seriously affecting the waste disposal effect. It is the general trend
for the waste treatment industry to replace waste mixed transportation with classified
transportation. Combined with the impact of waste collection stations on the surrounding
environment, this paper, with the goal of optimal economic benefits and minimum envi-
ronmental impact, has redesigned the supply chain of sorted waste. Based on the data of
Xuanwu District in Beijing, an application case of the design model is given.

In general, the method proposed in this paper fully considered the existing waste
treatment facilities, which are applicable to most cities in China. However, the model in
this paper still has deficiencies, and the following questions are proposed for subsequent
related research.

(1) When allocating the functions of waste collection stations, this paper only considers
the transportation volume and collection station capacity and does not consider the
environment around the collection station and the residents’ attitude. Because of the
limited data, in the function allocation model, we only use 30 waste collection stations
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simulating the waste generation sources. The actual waste generation sources are
more complicated.

(2) The production and composition of waste will vary with seasons and positions.
The composition of waste in residential areas and commercial areas is different. In
this paper, neither the function allocation model for waste collection stations nor
the transportation path planning model for waste trucks takes the changes of waste
production and composition into account. In the model actual application, the changes
in waste production and composition should be considered.
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