
sustainability

Article

A New Solution for City Distribution to Achieve
Environmental Benefits within the Trend of Green
Logistics: A Case Study in China

Kexin Bi 1,†, Mengke Yang 1,*,†, Latif Zahid 2 and Xiaoguang Zhou 1

1 School of Modern Post, Beijing University of Posts and Telecommunications, Beijing 100876, China;
bikexin_1996@bupt.edu.cn (K.B.); zxg@bupt.edu.cn (X.Z.)

2 Department of Business Administration, Gomal University, DIKhan 29050, Pakistan;
zahid25latif@yahoo.com

* Correspondence: diluyexue@bupt.edu.cn; Tel.: +86-186-1068-0309
† These authors contributed to the work equally and should be regarded as co-first authors.

Received: 8 September 2020; Accepted: 30 September 2020; Published: 9 October 2020
����������
�������

Abstract: Green logistics has become a consensus and an important method to achieve sustainable
development in industrial activities. However, the traditional direct distribution mode has high carbon
emissions, an uncertain delivery time, and a low delivery efficiency. Uncoordinated resource allocations
and unreasonable network layouts of terminal distributions have shackled green development within
the express delivery industry. Considering the trend of green logistics, this study innovatively proposes
a comprehensive and environmentally friendly mode for city distribution based on end crowdsourcing
service stations (ECSSs). This study also adopts node centrality indices of complex network theory to
evaluate the node importance of existing terminal distribution outlets. The comprehensive weights of
the indices are obtained via the three-scale AHP (Analytic Hierarchy Process) and TOPSIS (Technology
for Order Preference by Similarity to an Ideal Solution) methods to identify the candidate nodes for
ECSSs. Finally, a location model is built to determine the optimal location to establish the ECSSs.
A real-world case study was conducted to provide the location scheme of ECSSs in Beijing, China.
Environmental benefits as well as economic and social benefits can be substantially achieved through
the implementation of the new mode. The results show that carbon emissions can be reduced by
23.79–28.49% for the end of the distribution, 16.27–16.35% for the front-end, and approximately 17%
for the entire distribution. Additionally, the loading rate of vans for the front-end of the distribution
can be improved by 15.77%.

Keywords: express delivery industry; city logistics; green logistics; crowdsourcing distribution;
complex network; environmental benefits

1. Introduction

The express delivery industry has entered a period of high-speed development in China because
of the booming development of e-commerce. By March 2020, the number of online shopping users in
China reached 710 million, accounting for 78.6% of the total Internet users in China [1]. More than
60% of residents’ logistical demand is produced by transactions from e-commerce [2], and e-commerce
cannot work without the support of logistics [3]. The volume of the express delivery business continues
to break new records, having exceeded 63.5 billion pieces by 2019 [4], and thereby becoming an
important growth point of domestic economic development. Facing the huge volume of express
delivery business, the sustainable development of the logistics industry has become a key issue for the
government and enterprises.
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“Green logistics” refers to carrying out logistical activities in an environmentally friendly manner,
which saves resources and protects the environment while the development of logistics and economy
can also be realized [5]; the history of this concept dates back to 1990 [6]. Green logistics involves green
processes such as transportation, distribution, warehousing, packaging, and resource management [5,7].
Green developments in the logistics industry have been widely driven by the government and express
enterprises, and they have been regarded as the new trend of logistics. New and recent trends in
green logistics have led to many initiatives on environmental protection and social responsibility [8].
However, there has also been an increase in carbon emissions due to the upgrading of the logistics
industry, especially in terminal distribution.

Terminal distribution is critical, owing to its responsibility for the final delivery of logistics
activities, but it is the least efficient stage and accounts for 28% of the total delivery cost [9–11]. It is
well known that “last-mile” distribution is the most polluting, most costly, and least efficient part of
city logistics [8,12]. In the logistics industry, carbon emissions caused by logistics mainly focus on road
transport [13]. In the process of terminal distribution, carbon emissions caused by logistics mainly
focus on the fuel consumption (e.g., gasoline, diesel, and oil) or power consumption of distribution
vehicles [14–19]. The waste of vehicle resources will greatly affect the green sustainable development
within the logistics industry. There are three main factors for this situation: a lack of collaboration
among express enterprises [20,21], unreasonable allocation of resources and serious repeated waste
caused by small and scattered end outlets [17], and “secondary delivery” caused by the high uncertainty
of terminal distribution time [22]. With the rapid development of the express delivery industry in
China, competition among express enterprises is fierce, and the terminal distribution problems of
express enterprises running their own businesses have become increasingly prominent in the traditional
distribution mode. They can have high emissions, serious resource wastes, low delivery efficiency,
and an uncertain delivery time [18,23]; these disadvantages have shackled the development of the
express logistics industry. Conversely, green logistics has turned into a mainstream trend in industrial
development, as it can optimize industrial structures, change the mode of economic development,
and promote regional sustainable development [17]. The main modes of domestic terminal distribution
are shown in Table 1. Several scholars have noted that the collaborative distribution mode and
third-party mode are more conducive to the greener development of city logistics compared with the
traditional mode [24,25]. However, because of their own limitations, the other modes of single operation
shown in Table 1 cannot meet the actual demand for distribution or citizens’ higher service quality
requirements. Therefore, it is urgent to explore a comprehensive new terminal distribution mode.

In this case, new solutions of terminal distribution to improve the overall efficiency, sustainability,
and green development of city logistics must be considered, and the enterprises should seek to integrate
new distribution modes into existing distribution systems. As an alternative to the traditional mode,
crowdsourcing distribution has helped to reduce emissions and transport costs by promoting a better
use of currently unused transport capacity and to effectively integrate terminal distribution resources,
such as distribution vehicle resources, which represents an opportunity to improve “last-mile” delivery
efficiency [26,27]. Crowdsourcing distribution is increasingly popular among enterprises. In China,
many crowdsourcing platforms have recently been created, such as Fengniao, Meituan, and so on.

The benefits obtained from crowdsourcing distribution are embodied in three terms:
environmental, social, and economic [28]. In environmental terms, cyclists and pedestrians are
considered as couriers (the crowd) [29]; thus, the deliveries are made with minimal detours [30];
this approach may also reduce the negative environmental impacts stemming from the use of
dedicated express delivery vehicles, such as carbon emissions and congestion [31,32]. In social terms,
the crowdsourcing platform will automatically and reasonably push the order to the appropriate
nearby couriers; thus, the express packages can be delivered accurately and efficiently, and “secondary
delivery” will be effectively reduced. In economic terms, as one of the collaborative modes [33],
crowdsourcing exploits a new spirit of collaboration and outsources delivery services to citizens
(the crowd) so economic benefits for all parties involved can be achieved [10,34]. In summary,
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the crowdsourcing distribution mode can achieve green resource management, and it is conducive to
the green development of city logistics.

Table 1. Comparison of main distribution modes.

Distribution Mode Mode Introduction Advantages Limitations

Traditional mode

Couriers deliver the
expresses to the

customers within the
agreed time.

(1) Conveniently defines the
responsibility of damage

and shortage.
(2) Meets specific needs such as

payment collection.

(1) Delivery time is uncertain.
(2) Secondary delivery occurs.

(3) Setting up stalls outside colleges
and communities.

Intelligent express cabinet

Couriers temporarily
store the express delivery
in a cabinet, providing a

24-hour self-pickup
service for customers.

(1) 24-hour self-service,
no time constraints.

(2) Secondary delivery reduced.
(3) The responsibility for

damages and shortages can be
defined through

monitoring equipment.

(1) High cost of construction.
(2) Limited container capacity limits
the size and quantity of expresses.

(3) Still not close to some customers,
and pickup can be inconvenient.

Crowdsourcing

Enterprises do not need
to recruit their own

express delivery teams,
nor do they need to build

outlets and purchase
vehicles; instead, they

utilize idle social
manpower as couriers.

(1) Integrate idle social
manpower and reduce

operation costs.
(2) Instant delivery can

be achieved.
(3) Low inventory costs from
occupying minimal enterprise

warehouse space.

(1) Low professional degree
of couriers.

(2) Difficult to ensure the personal
safety and information security

of customers.
(3) Possible lack of manpower.
(4) Difficult to determine the

responsibility for package damage.

Third-party collection

Couriers deliver the
expresses to the

third-party collection
point (community
convenience store,

property, courier station),
and the customers pick

up the packages
themselves.

(1) No construction and
operation cost.

(2) Secondary delivery reduced.
(3) No limit on the size and

quantity of expresses because of
sufficient space.

(1) Difficult to define the
responsibility of damage

and shortage.
(2) High cost of construction.

(3) Still not close to some customers,
and pickup may be inconvenient.

To address the problems of uncoordinated resource allocation and unreasonable network layouts of
terminal distribution within the new trend of green logistics, this study proposes a new environmentally
friendly mode after analyzing the characteristics of the main existing modes. It also proposes a new
concept of the end crowdsourcing service station (ECSS), which provides end delivery services for
enterprises. Then, based on the theory of complex networks, this study evaluates the node importance
of the existing terminal distribution outlets of express enterprises using node centrality indices to
identify the candidate nodes for the establishment of ECSSs. We use the three-scale AHP (Analytic
Hierarchy Process) and TOPSIS (Technology for Order Preference by Similarity to an Ideal Solution)
methods to obtain comprehensive and objective weights of the indices. Next, we build a location model
to determine the optimal locations of ECSSs. This study has certain reference value for governmental
officials, express enterprises, and third-party agents to formulate policies and develop greener city
terminal distribution.

The remainder of this paper is organized as follows. In Section 2, we conduct a comprehensive
literature review on green logistics and the previous location method for distribution centers. Next,
we describe the advantages and limitations of the main modes of domestic terminal distribution
and propose a new terminal distribution mode in Section 3. In Section 4, we describe the methods
adopted in this study to evaluate node importance in the end network and the location model of ECSSs.
The empirical study and results of the new mode are discussed in Section 5. Finally, in Section 6,
we conclude with a discussion, describe the limitations of this study, and suggest the directions of
future study.

2. Literature Review

Green logistics has become a mainstream trend of the logistics industry and affect the sustainable
development China. Achieving green logistics and reducing greenhouse gas emissions have become
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important current issues confronting the current government and others [35]. Green development is
the trend in the future; the objective of green logistics matches the development direction of logistics
enterprises and is essential to long-term survival of enterprises [5]. In the planning and decision of
logistics distribution systems and activity, the scheme with as little environmental pollution as possible
should be adopted by modern Chinese enterprises, such as collaborative distribution and cooperation
with a third-party logistics enterprise [36]. As environmental problems have become a focal point
worldwide, it is necessary to perform specific studies on green logistics activities. Enterprises in China
are currently engaged in these activities, including final distribution logistics [36,37]. Green logistics
activities include measuring the impact of different delivery strategies on the environment [38], as they
have an important impact on the environment and logistics decisions in the value chain. Considering
the current trend of green logistics, this study aims to explore a new mode by drawing on the previous
experience of different modes to achieve a more sustainable development for terminal distribution.
There is an extensive number of studies considering factors of green logistics to achieve sustainable
terminal distribution.

As has been described in the introduction, crowdsourcing distribution is in accordance with the
development trend of green logistics. Many scholars have proposed that the terminal distribution can
be optimized by crowdsourcing, which is one of the collaborative distribution modes. First, based on a
crowdsourcing trial for library deliveries, Paloheimo et al. [30] found that each delivery reduced an
average of 1.6 kilometers driven by cars. Wang et al. [39] proposed a large-scale mobile crowd-tasking
model that is effective and eco-friendly and uses citizen workers to perform the terminal distribution
to ensure that few vehicles are needed, thereby contributing to lower carbon emissions. Considering
Just-In-Time delivery, Lee et al. [40] developed an integrated decision-making framework for green
crowdsourced parcel services, and their results showed that fuel and emission costs could be reduced
by 2.5%. Devari et al. [10] innovatively exploited a new mode of crowdsourcing last-mile delivery that
relies on friendship/acquaintance networks and that can ensure less polluting, less costly, and more
punctual delivery. Kafle et al. [29] proposed a crowdsource-enabled system for city express package
relays and deliveries in which cyclists and pedestrians are regarded as crowdsources who undertake
jobs for the last-mile delivery, and total emissions and costs could be reduced compared to pure
truck delivery.

In addition to the crowdsourcing distribution mode, other modes, such as the express cabinet,
can also be conducive to green and efficient developments in city terminal distribution. Compared with
the traditional distribution mode, the intelligent express cabinet has been gradually advocated for
city terminal distribution, owing to the improvement of delivery flexibility as well as reductions in
delivery failures and operation costs [12]; the authors focused on a green multi-objective express cabinet
assignment considering energy consumption and total costs. Deutsch and Golany [22] stated that
pickup points may importantly reduce greenhouse gas emissions and designed an express cabinet
network as a solution to the terminal distribution.

Prior studies have primarily demonstrated that collaborations between express enterprises and
crowdsourcing distribution have important effects on achieving development of green logistics and
improving efficiency. However, prior scholars mainly optimized the network from the perspectives
of personnel scheduling and route optimization of crowdsourcing distribution, with few scholars
focusing on the perspective of express enterprise alliances. Additionally, few scholars have combined
crowdsourcing with other modes, such as the express cabinet, to promote the sustainable development
of terminal distribution. This study proposes a new comprehensive mode for terminal distribution
after analyzing the characteristics of the main existing modes and then optimizing the end network
based on the new mode to achieve a more green, punctual, and efficient development of city logistics.

Varieties of methods have been used to determine the locations of city logistics facilities, and many
scholars have built mathematical models to determine the optimal locations. In this study, we adopt
the theory of complex networks and mathematical models to make our location decision.
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Many scholars have applied the theory of complex networks to study logistics distribution
networks. Yang et al. [41] innovatively applied the theory of complex networks to the research of
express transportation networks, analyzed the topological properties of express delivery networks,
and clarified that these networks had “small-world” characteristics. Conde et al. [42] presented
mathematical models for express package deliveries in logistic networks based on a spectral analysis
of complex network theory. According to Wu and Ma [43], the logistics system can be abstracted as
a complex network that is composed of logistics nodes and transportation routes. They applied the
theory of complex networks to analyze a province’s logistics network, and the results showed that the
theory has small-world and scale-free properties; this indicated that it is feasible to adopt the theory
of complex networks as a research method to establish logistics models and analyze the important
logistics nodes. Zhao et al. [44] constructed a metro-integrated logistics system and evaluated the
importance of each station using the theory of complex networks, AHP method, and TOPSIS method to
determine the candidate metro distribution hubs. Following a crowdsourcing approach, Giret et al. [28]
proposed that the citizens can become temporary deliverers based on their own needs and optimized a
sustainable last mile delivery route to the crowd based on the complex network theory.

Prior scholars have mainly focused on the analysis and evaluation of the characteristics of the
current logistics networks by the complex network theory, and most have focused on the network of a
single logistics enterprise or supply chain. However, few scholars have adopted the complex network
theory in an end logistics network to determine the optimal locations of logistics facilities, and there is
a lack of research on networks of multiple enterprises. In this study, we use node centrality indices
from the complex network theory and build mathematical models to determine the optimal locations
of ECSSs, which are then established by an express enterprise alliance or a third-party agent in our
proposed end network.

3. Proposal of New Distribution Mode

Considering the trend of green logistics, we propose a new collaborative mode for areas with
serious waste of resources to address the problems of terminal distribution, promote the collaborative
and sustainable development, and amalgamate the delivery demands of several express enterprises.
Referring to the characteristics, advantages, and limitations of the four main modes listed in Table 1,
we propose a new collaborative mode based on end crowdsourcing service stations (ECSSs). In the
new mode, we set to be ECSSs operated by express enterprises or an alliance between these enterprises
and a third-party agent; this provides unified terminal distribution for enterprises, and intelligent
express cabinets are set to relieve the pressure of terminal distribution. We believe that most of the
existing distribution outlets (DOs) will be replaced by ECSSs. There is no need for the enterprises to
deliver their express packages to their own DOs, but to the ECSSs. Some of the express packages will
be delivered to the end points (EPs), and some will be delivered to intelligent express cabinets (IECs)
by crowdsourcing couriers who are part-timers, professional couriers grouped by the third-party agent,
or couriers from the express enterprises. The end customers can then pick up the express deliveries in
the IECs according to their own schedules. The workflow change for the express distribution under a
crowdsourcing distribution can be seen in Figure 1. The terminal distribution network can obviously
be simplified, and workflows of the distribution can be reduced.
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4. Model Development

4.1. Node Importance Evaluation within the Trend of Green Logistics

4.1.1. Node Importance Indices

The city express distribution network is a scale-free complex network because of its complexity,
growth, and priority connectivity. Green logistics puts forward new requirements for distribution
planning and process optimization of complex logistics networks [45]. The choice of distribution mode
and vehicle types can substantially affect carbon emissions. Thus, it is urgent to improve the traditional
mode of planning logistics operations. Under the new mode of city terminal distribution proposed
in this study, the entities of the end network are outlets such as ECSSs, IECs, EPs, and the routes
generated by the connections of these outlets. Since the end IECs and EPs rely on ECSSs to provide
services, the locations of ECSSs determine the delivery efficiency and total carbon emissions of the
entire network.

This study evaluates the node importance of the existing end DOs of express enterprises using node
centrality indices from the complex network theory to identify the candidate nodes for establishing
ECSSs. In this study, we choose degree centrality, closeness centrality, betweenness centrality,
and improved K-shell centrality to evaluate the node importance of end DOs. The end DOs, end IECs,
and EPs are all considered the nodes of the network, and the number of nodes is assumed to be N.

(1) Degree centrality (DC)
Degree centrality describes the relationship between a node and other nodes in the network.

The larger the value is, the more important the node is. The degree centrality is defined as the ratio
of the actual degree of node i (Ti, which represents the number of edges connected to node i in the
terminal distribution network) to the possible maximum degree in the entire terminal distribution
network; then:

DCi =
Ti

N − 1
(1)

(2) Closeness centrality (CC)
Closeness centrality describes how close the node is to the center of the network. In the terminal

distribution network, end DOs can provide self-service for end customers through IECs to meet their
contactless distribution needs and relieve the distribution pressure of DOs. Therefore, the shorter the
sum of the distance between a node and other IECs and EPs is in the end network, the shorter the route
that the distribution vehicles pass through is, the lower the carbon emissions generated by vehicles
are, and the more important the node is. The closeness centrality of node i (CCi) is defined as the
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reciprocal of the total distance along the shortest paths from node i to all the other nodes of IECs and
EPs. di j shows the shortest distance from node i (which represents DOs) to node j (which represents
IECs and EPs); then:

CCi =
N − 1∑N

j=1 di j
(2)

(3) Betweenness centrality (BC)
Betweenness centrality describes the frequency of node i as an intermediate node between two

other nodes [46]. In the end network, the higher the frequency of a node as an intermediate node in
the connection of other nodes, the more likely the distribution will pass through the node, and the
more suitable the node is to serve as the hub of terminal distribution for green delivery, i.e., the ECSS.
If n jm(i) is the total number of shortest paths from node j to node m (j and m represent IECs and EPs),
in which n jm(i) is the number of shortest paths that pass through node i (which represents DOs), then:

BCi =
∑N

i, j,m

n jm(i)

n jm
×

2
(N − 1)(N − 2)

(3)

(4) Improved K-shell centrality (IKC)
K-shell centrality finds core nodes with a greater influence in the network through a similar

process of stripping. K-shell decomposition removes the nodes with degrees less than or equal to k
recursively, and the removed nodes obtain their K-shell centrality (KC) values concurrently [47–49].
As shown in Figure 2, the process of decomposition is to first delete the nodes with a degree of 1
and their connections in the network W0. Then, the degree of some remaining nodes may become
1, and these nodes should be removed until there are no nodes with a degree of 1 in the network.
The KC values of these deleted nodes are defined as KC = 1, and then a sub-network W1 is obtained.
Next, we delete the nodes with degree 2 and define the KC value as 2. The above steps are repeated
until all nodes in the network are deleted.

Sustainability 2020, 12, x FOR PEER REVIEW 7 of 23 

the reciprocal of the total distance along the shortest paths from node i to all the other nodes of IECs 
and EPs.  𝑑  shows the shortest distance from node i (which represents DOs) to node j (which 
represents IECs and EPs); then: 

                                   𝐶𝐶 = ∑                                    (2) 

(3) Betweenness centrality (BC) 
Betweenness centrality describes the frequency of node i as an intermediate node between two 

other nodes [46]. In the end network, the higher the frequency of a node as an intermediate node in 
the connection of other nodes, the more likely the distribution will pass through the node, and the 
more suitable the node is to serve as the hub of terminal distribution for green delivery, i.e., the ECSS. 
If 𝑛 (𝑖) is the total number of shortest paths from node j to node m (j and m represent IECs and 
EPs), in which 𝑛 (𝑖) is the number of shortest paths that pass through node i (which represents 
DOs), then: 

                           𝐵𝐶 = ∑ ( ) × ( )( )                       (3) 

(4) Improved K-shell centrality (IKC) 
K-shell centrality finds core nodes with a greater influence in the network through a similar 

process of stripping. K-shell decomposition removes the nodes with degrees less than or equal to k 
recursively, and the removed nodes obtain their K-shell centrality (KC) values concurrently [47–49]. 
As shown in Figure 2, the process of decomposition is to first delete the nodes with a degree of 1 and 
their connections in the network 𝑊 . Then, the degree of some remaining nodes may become 1, and 
these nodes should be removed until there are no nodes with a degree of 1 in the network. The KC 
values of these deleted nodes are defined as KC = 1, and then a sub-network 𝑊  is obtained. Next, 
we delete the nodes with degree 2 and define the KC value as 2. The above steps are repeated until 
all nodes in the network are deleted. 

However, according to Liu et al. [49], an improved K-shell decomposition contributes to 
distinguishing the local characteristic differences between nodes more accurately. As shown in Figure 
3, the process of decomposition is to first delete the nodes with the minimum degree and their 
connections in the network 𝑊 , the value of these removed nodes is defined as 𝐼𝐾𝐶 =1, and then a 
sub-network 𝑊  is obtained. Then, similarly, we delete the nodes with the minimum degree in 𝑊  
and define their value as 𝐼𝐾𝐶 =𝐼𝐾𝐶 +1. The above steps are repeated until all nodes are deleted. The 
larger the value of 𝐼𝐾𝐶  is, the more suitable it is to establish the ECSS at node i. 

  

Figure 2. Example diagram of K-shell 
decomposition. 

Figure 3. Example diagram of improved K-
shell decomposition. 

4.1.2. Weights for the Indices 

Figure 2. Example diagram of K-shell decomposition.

However, according to Liu et al. [49], an improved K-shell decomposition contributes to
distinguishing the local characteristic differences between nodes more accurately. As shown in
Figure 3, the process of decomposition is to first delete the nodes with the minimum degree and their
connections in the network W0, the value of these removed nodes is defined as IKC1 = 1, and then a
sub-network W1 is obtained. Then, similarly, we delete the nodes with the minimum degree in W1

and define their value as IKC2 = IKC1+1. The above steps are repeated until all nodes are deleted.
The larger the value of IKCi is, the more suitable it is to establish the ECSS at node i.
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4.1.2. Weights for the Indices

After the importance node indices have been determined as above, each index must be weighted
to reflect the importance of different indices. When assessing the improvement areas for implementing
green logistics, it is crucial to identify how important one index is over another [50]. In the process
of evaluating the importance of the four indices (DC, CC, BC, and IKC), this study focuses on the
contribution of each index to the green development of the distribution network. According to the
theory of complex networks, CC and BC both reflect the relationships among the nodes. The ECSS
provides distribution services for all EPs within the distribution range. The shorter the total distribution
distance is, the higher the value of CC is, and the lower the carbon emissions are. Therefore, CC is the
most important index. BC reflects the transfer convenience of the node. The higher the value of BC
is, the more convenient it is for green delivery. Therefore, BC is the second most important element.
In the local centrality measurement, DC and IKC both reflect local information characteristics of nodes
and the relationship between a node and other nodes. Thus, DC and IKC are equally important.

The AHP (Analytic Hierarchy Process) is widely used in evaluating index weights, and the
nine-scale method was originally adopted with the advantages of simplicity and audio-visual
capabilities [51]. However, it is occasionally difficult for experts to maintain a standard scale when
it is used for expert consultations, and their judgments often cannot meet consistency checks [52].
The three-scale method omits the consistency test, and it is easy to make judgments in evaluating the
importance of indices, as the accuracy can meet the calculation requirements [53]. Therefore, this study
adopts the three-scale AHP method to subjectively evaluate the four indices of DC, CC, BC, and IKC.
The steps are as follows:

(1) Construct the initial judgment matrix K of the indices and calculate the importance ranking
index ri [54]. ki j is defined as the comparison value of importance between index i and index j. To verify
the comparison results of the importance of the four indices, we invited 10 experts in the area of
logistics to evaluate the indices, and the results as shown in Table 2.

K =


k11 · · · k14

...
. . .

...
k41 · · · k44

 (4)

K = (ki j) =


2 index i is more important than index j
1 index i is as important as index j
0 index j is more important than index i

(5)
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ri =
∑4

j=1
ki j (6)

Table 2. Comparative results of the indices.

i
j DC CC BC IKC ri

DC 1 0 0 1 2
CC 2 1 2 2 7
BC 2 0 1 2 5
IKC 1 0 0 1 2

(2) Construct the judgment matrix A. Here, A =
(
ai j

)
4×4

is a consistent judgment matrix. ai j is
defined as the ratio of the importance of index i to the importance of index j. According to Zhao et al. [44],
we use the extreme method to suppose the transformation criterion in Equation (8), and ar denotes the
given relative importance of range element pairs, which is given in advance as a value of ar = 9 in
terms of the corresponding criterion based on a certain standard [44,49,52]. R = rmax − rmin represents
the extreme range, where rmax = max(r1, r2, r3, r4) = 7 and rmin = min(r1, r2, r3, r4) = 2; thus, R = 5.
Then, we get the judgment matrix A, shown in Equation (12), by operating the basic steps of the AHP
method from Equations (9) to (11).

A =


a11 · · · a14

...
. . .

...
a41 · · · a44

 (7)

ai j = ar

ri−rj
R (i, j = 1, 2, 3, 4) (8)

Mi =
4∏

j=1

ai j (9)

wi =
4
√

Mi (10)

wi =
wi∑4

i=1 wi
(11)

The judgment matrix A is:

A =
(
ai j

)
=

DC CC BC IKC
DC
CC
BC
IKC


1 0.1111
9 1

0.2676 1
2.4082 9

3.7372 0.4152
1 0.1111

1 3.7372
0.2676 1


(12)

Mi = (M1, M2, M3, M4)
T = (0.0297, 195.0662, 5.7995, 0.0297)T (13)

wi = (w1, w2, w3, w4)
T = (0.4152, 3, 7372, 1.5518, 0.4152)T (14)

The subjective weight vector of the four indices is:

W
T
= wi

T = (w1, w2, w3, w4)
T = (wDC, wCC, wBC, wIKC)

T= (0.0679, 0.6107, 0.2536, 0.0679)T (15)

(3) Consistency test
P represents a partial matrix of A that contains the four columns of A; then:

P = (pi)4×1 = A×wi = (0.2715, 2.4436, 1.0147, 0.2715) (16)
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The largest eigenvalue is:

λmax =
∑4

i=1

pi

4wi
= 4 (17)

PC.I. =
λmax − 4

4− 1
= 0 ≤ ε(ε = 0.001) (18)

Equation (18) reflects that the weight coefficients of the indices satisfy the constraints of the

consistency test, which are W
T
= (0.0679, 0.6107, 0.2536, 0.0679)T.

Because the three-scale AHP method is based on a subjective evaluation to determine the weights
of indices, this study combines it with TOPSIS (Technology for Order Preference by Similarity to an
Ideal Solution) to obtain more comprehensive and objective weights of node importance indices [55].
The TOPSIS method is typically used to support decision-making in multi-decision projects. TOPSIS’s
basic idea is to judge the candidates by the distance from their value to the positive ideal solution and
the negative ideal solution. The candidate that is geometrically closest to the positive ideal solution
and farthest from the negative ideal solution is regarded as the optimal solution, and in the converse
situation, the candidate is regarded as the worst solution. In this study, the relevant steps are as follows:

(1) Construct the initial judgment matrix Q. There are S nodes in the end network that must be
evaluated, and their set is defined as X = {x1, x2, x3, . . . , xS}. M indices are adopted to evaluate the
node importance of S nodes, and their set is defined as R = {r1, r2, r3, . . . , rm}. Thus xs(rm) represents
the m-th importance index for s-th node (s = 1, 2, . . . , S; m = 1, 2, . . . , M).

Q =


x1(r1) · · · x1(rm)

...
. . .

...
xS(r1) · · · xS(rm)

 (19)

(2) Standardize the judgment matrix. ysm represents the m-th element of the s-th row; then:

ysm =
xs(rm)

max
{
xs(rm)|1 ≤ s ≤ S}

(20)

(3) Construct the standardized weighting judgment matrix H. We use the three-scale AHP method

to obtain the subjective weights, i.e., W
T
= (w1, w2, w3, w4)

T = (0.0679, 0.6107, 0.2536, 0.0679)T.

Wm is the m-th weighting factor for the node importance (m =1, 2, 3, 4;
4∑

m=1
Wm = 1), and the weighting

standardized judgment matrix H is defined as follows:

H = hsm =


y11

(
W1

)
y12

(
W2

)
y21

(
W1

)
y21

(
W2

) · · ·
y1m

(
Wm

)
y2m

(
Wm

)
...

. . .
...

ys1
(
W1

)
ys1

(
W1

)
· · · ysm

(
Wm

)
 (21)

(4) The positive ideal solution F+ and the negative solution F− re defined based on matrix H as follows:

F+ = {max{hs1}, . . . , max{hsm}} =
{
h+1 , h+2 , . . . , h+m

}
(22)

F− = {min{hs1}, . . . , min{hsm}} =
{
h−1 , h−2 , . . . , h−m

}
(23)

We calculate the distance between the positive ideal solution F+ and the negative solution F−

based on the Euclidean Distance [56,57]; then:

D+
s =

√∑4

m=1

(
hsm − h+m

)2
(24)
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D−s =

√∑4

m=1
(hsm − h−m)

2 (25)

(5) The importance of node s is defined as C∗s; then:

C∗s =
D−s

D+
s + D−s

, s = 1, 2, 3, 4 (26)

The higher the C∗s is, the farther away the node s is from the negative ideal solution. Conversely,
the lower the C∗s is, the farther away the node s is from the positive ideal solution. If C∗s = 0, then Fs = F−,
thus, the node is the least important. If C∗s = 1, then Fs = F+, thus, the node is the most important.
In summary, C∗s can be used to comprehensively evaluate the importance of nodes for terminal
distribution in the end network, and we can use C∗s to obtain the candidate nodes of the ECSSs.

4.2. Location Model for ECSSs

The location problem of city logistics facilities is the basis of network planning; the important
nodes and the basic topology of the entire logistics network can be determined [58]. Road traffic
contributes the most to carbon emissions of the transport sector, and has become one of the main
targets of sustainable development policy [19]. Thus, this study builds the location model for ECSSs
based on the minimum distance of distribution. We assume that n nodes are identified as candidate
nodes after evaluating the node importance of the existing end DOs of express enterprises using node
centrality indices from the theory of complex networks. Then, we build a location model to determine
the first r optimal locations from n nodes to establish the ECSSs.

(1) Assumptions

Based on the distribution process of the new mode of city terminal distribution in this study,
we make the following several assumptions in order to simplify the complexity of problem analysis.

i. The capacity of each candidate DO can serve the delivery demands of EPs.
ii. Each IEC will be fully occupied, and there is no extra space for more express deliveries.
iii. All the express deliveries in each IEC will be picked up by the end customers on the same day.
iv. The delivery demand of each EP is evenly satisfied by each express enterprise.
v. If an IEC serves w EPs, the IEC provides 1/w of the capacity for each EP.
vi. The delivery efficiency of all the couriers in the end network is the same.
vii. Each EP and IEC should be served by only one ECSS in the end crowdsourcing

distribution network.

(2) Indices and parameters

i is the index for end DOs, i ∈ I
j is the index for end EPs, j ∈ J
k is the index for end IECs, k ∈ K
n is the number of DOs
m is the number of EPs
p is the number of IECs
q j is the average daily delivery demand of EP j
t j is the number of IECs serving EP j
gk is the number EPs served by IEC k
di j is the distance from DO i to EP j
dik is the distance from DO i to IEC k
hkj is the distribution relationship between IEC k and EP j
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Q is the capacity of IECs
D is the maximum delivery quantity the courier can handle from DOs to EPs in a batch
z is the number of DOs selected to be ECSSs by decision maker

(3) Decisions variables

xi: 1 if DO i is selected to be ECSS; 0 otherwise
yi j: 1 if EP j is served by DO i; 0 otherwise
zik: 1 if IEC k is served by DO i; 0 otherwise

(4) Objective function

The objective function of the location model for ECSSs is based on the minimum distance of
distribution, given as follows:

min
∑N

i=1

∑M

j=1

∑P

k=1
xi{di jyi j[

q j −
t j
gk

hkjQ

D
] + dikzik[

Q
D
]} (27)

Objective function (27) is designed to minimize the total distance of the entire terminal distribution
network, including the distance from DOs to EPs and distance from DOs to IECs. The distance from
EPs to IECs is not considered because there is no need for the couriers to deliver, as the customers will
pick up the packages themselves.

(5) Constraints

∑N

i=1
xi = z (28)

∑N

i=1
yi j = 1,∀ j (29)

yi j ≤ xi, ∀i, j (30)

∑N

i=1
zik = 1,∀k (31)

zik ≤ xi, ∀i, k (32)

xi ∈ {0, 1} ,∀i (33)

yi j ∈ {0, 1} ,∀i, j (34)

zik ∈ {0, 1} ,∀i, k (35)

Constraint (28) indicates that r DOs will be selected as ECSSs. Constraints (29) and (30) indicate
that each EP and IEC must be served by only one ECSS. Constraints (31) and (32) guarantee that if EP j
or IEC k are served by DO i, then DO i must be selected as an ECSS. Constraints (33), (34), and (35)
define the binary decision variable.
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5. Empirical Study

5.1. Background and Data

In this study, we investigate a real-world case of ECSS locations by assessing the crowdsourcing
distribution mode on Bei Tai Ping Zhuang Street in Haidian District, Beijing, which covers an area
of 5.17 square kilometers. Residential communities are regarded as EPs in this study. According to
our investigation, there are 37 EPs, as shown in Figure 4. We collected the geographical locations
and distribution range of DOs and IECs in this area from the official websites of the enterprises.
There are 14 DOs of four express enterprises (A, B, C, and D), as shown in Figure 5, and 41 IECs of
three enterprises (a, b, and c) as shown in Figure 6. The longitude and latitude of each point were
obtained using the Baidu coordinate picking system. The distribution relationship between DOs and
EPs is shown in Table 3. The distribution relationship between DOs and IECs is shown in Table 4.
The distribution relationship between IECs and EPs is shown in Table 5. In this case, the ECSSs will be
established by an alliance of the four express enterprises or a third-party agent.

The average daily delivery demand of the EPs was estimated according to the populations
of the 37 residential communities extracted from the Guide to Administrative Divisions of Beijing
(http://www.tcmap.com.cn/beijing/haidianqu_beitaipingzhuangjiedao.html). The express delivery
business volume reached 2.287 billion pieces in Beijing in 2019 [59]. By the end of 2019, the permanent
resident population of Beijing was 21.536 million [60]. Thus, we determined that the per capita daily
express delivery demand in Beijing was 0.291 pieces in 2019. Then, we determined the average daily
delivery demand of each EP on Bei Tai Ping Zhuang Street in Haidian District, Beijing, as shown in
Table 6, at 40,681 pieces per day in total.
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Table 3. Distribution relationship between DOs and EPs.

Express Enterprise DOs EPs

A
A1 7,8,9,10,11,12,13,14,15,16,17
A2 18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37
A3 1,2,3,4,5,6

B

B1 1,2,3,4,5,6
B2 7,8,9,10
B3 18,19,20,21
B4 11,12,13,14,15,16,17,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37

C

C1 7,8,9,10,18,19,20,21
C2 1,2,3,4,5,6
C3 11,12,13,14,15,16,17
C4 22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37

D
D1 1,2,3,4,5,6
D2 7,8,9,10,11,12,14,15,16,18,19,20,21
D3 13,17,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37
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Table 4. Distribution relationship between DOs and IECs.

Express Enterprise DOs IECs

A
A1 a1, a2, a3, b8, b9, b10, b11, b12, b28, c3, c4, c5, c6
A2 a4, b13, b14, b15, b16, b17, b18, b19, b20, b21, b22, b23, b24, b25, b26, b27, c7, c8, c9
A3 b1, b2, b3, b4, b5, b6, b7, c1, c2

B

B1 b1, b2, b3, b4, b5, b6, b7, c1, c2
B2 c3, c4, b9, b10, b11, b12
B3 a4, b13, b14, c8
B4 a1, a2, a3, b8, b15, b16, b17, b18, b19, b20, b21, b22, b23, b24, b25, b26, b27, b28, c5, c6, c7, c9

C

C1 a4, b9, b10, b11, b12, b13, b14, c3, c4, c8
C2 b1, b2, b3, b4, b5, b6, b7, c1, c2
C3 a1, a2, a3, b8, b28, c5, c6
C4 b15, b16, b17, b18, b19, b20, b21, b22, b23, b24, b25, b26, b27, c7, c9

D
D1 b1, b2, b3, b4, b5, b6, b7, c1, c2
D2 a4, b8, b9, b10, b11, b12, b13, b14, b28, c3, c4, c6, c8
D3 a1, a2, a3, b15, b16, b17, b18, b19, b20, b21, b22, b23, b24, b25, b26, b27, c5, c7, c9

Table 5. Distribution relationship between IECs and EPs.

Enterprise IECs EPs IECs EPs

a

a1 13,17
a2 13,17
a3 17,32
a4 18

b

b1 1,2 b15 22
b2 3 b16 33
b3 6 b17 33
b4 6 b18 25
b5 6 b19 25
b6 6 b20 26
b7 6 b21 29,30
b8 11 b22 30
b9 8,9 b23 31
b10 8,9 b24 34,35
b11 9,10 b25 35
b12 9,10 b26 36
b13 18 b27 35
b14 19 b28 16

c

c1 3 c6 15
c2 3 c7 22
c3 7 c8 20,21
c4 7 c9 25,26,27
c5 11,12,13

Table 6. Number of inhabitants and average daily delivery demand of each EP.

No. Number of Inhabitants Average Daily Delivery Demand
(Pieces) No. Number of Inhabitants Average Daily Delivery Demand

(Pieces)

1 2219 646 20 2569 747
2 4844 1409 21 2632 766
3 2796 813 22 5120 1490
4 11,200 3259 23 2453 714
5 1450 422 24 7202 2095
6 12,800 3724 25 1775 516
7 2469 718 26 2633 766
8 2200 640 27 4717 1372
9 2454 714 28 6475 1884

10 894 260 29 1358 395
11 2249 654 30 1253 365
12 3277 953 31 3355 976
13 4929 1434 32 3028 881
14 1175 342 33 2389 695
15 2412 702 34 2986 869
16 2194 638 35 7000 2037
17 7290 2121 36 5313 1546
18 4800 1397 37 3991 1161
19 1923 559
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5.2. Results and Discussion

5.2.1. Location of ECSSs

In the end network on Bei Tai Ping Zhuang Street in Haidian District, Beijing, we adopt four node
centrality indices (DC, CC, BC, and IKC) to evaluate the node importance of the 14 DOs shown in
Figure 5. We construct the node importance evaluation index set R = {r1, r2, r3, r4}, The results of the
node centrality indices are shown in Table 7.

Table 7. Index values of node centrality indices of DOs in the end network.

No. DOs DC CC BC IKC

1 A1 0.26373626 0.00082940 0.17628058 12
2 A2 1.08333333 0.00059956 0.30272002 7
3 A3 0.41666667 0.00062508 0.01125763 4
4 B1 0.41666667 0.00067324 0.01125763 4
5 B2 0.27777778 0.00080110 0.00398860 12
6 B3 0.22222222 0.00085781 0.00275946 3
7 B4 1.25000000 0.00067300 0.35918194 9
8 C1 0.50000000 0.00091610 0.06613115 12
9 C2 0.41666667 0.00067479 0.01125763 4
10 C3 0.38888889 0.00086144 0.01355818 9
11 C4 0.86111111 0.00038074 0.05409035 7
12 D1 0.41666667 0.00051472 0.01125763 4
13 D2 0.72222222 0.00089098 0.17770136 12
14 D3 1.02777778 0.00071563 0.13841551 9

Then, we adopt the three-scale AHP method to subjectively evaluate the four indices
(DC, CC, BC, and IKC). In Section 4.1.1, we obtained the subjective weight vectors
(wDC, wCC, wBC, wIKC)

T = (0.0679, 0.6107, 0.2536, 0.0679)T. Then, we use the TOPSIS method to
evaluate the node importance of the indices, as described in Section 4.1.2. We thus obtain the positive
ideal solution F+ and the negative solution F− as follows:

F+ =
{
h+1 , h+2 , h+3 , h+4

}
= (0.0679, 0.6107, 0.2536, 0.0679)

F− =
{
h−1 , h−2 , h+3 , h−4

}
= (0.0121, 0.2538, 0.0019, 0.0170)

We evaluated the closeness of each DO, and the results are shown in Table 8. The 14 DOs are
ranked by the score C∗s. DOs with a value of C∗s greater than 0.55 were considered as candidate nodes
for ECSSs, i.e., D2, A1, B4, C1, and C3.

Table 8. Node importance of DOs in the end network.

No. DOs D+s D−s C*
s

1 D2 0.13236587 0.36644618 0.73463779
2 A1 0.15128451 0.32720541 0.68382927
3 B4 0.16294658 0.32489309 0.66598333
4 C1 0.21088087 0.36358106 0.63290714
5 C3 0.25170097 0.32245620 0.56161660
6 A2 0.21679505 0.26235784 0.54754515
7 D3 0.20637282 0.24915845 0.54696235
8 B3 0.26561009 0.31802900 0.54490696
9 B2 0.26750402 0.28483315 0.51568709

10 C2 0.30053349 0.19647931 0.39532042
11 B1 0.30108825 0.19544767 0.39362242
12 A3 0.31950134 0.16343124 0.33841420
13 D1 0.36883085 0.09031711 0.19670589
14 C4 0.41834928 0.05504686 0.11628076
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Then, we determined the final location plan of ECSSs that were selected from the candidate nodes
D2, A1, B4, C1, and C3. We set the maximum delivery quantity that a crowdsourcing courier could
handle per batch at 10 and set the capacity of each IEC at 100. We selected two or three ECSSs in the
end network, i.e., z = 2 or z = 3. Taking the data of daily delivery demand of each EP, the capacity of
each IEC, and the distance and distribution relationships among EPs, DOs, and IECs as the inputs of
the location model, we solved the model and obtained the optimal location plan of ECSSs.

Figures 7 and 8 show the results of the distribution range of ECSSs under the conditions of
z = 2 and z = 3, respectively. When the decision-maker set was z = 2, the express delivery DOs “A1”
and “D3” were selected as ECSSs, and the objective function achieved a minimum value of 3346.46 km.
When the decision-maker set was z = 3, the express delivery DOs “A1”, “D3”, and “B4” were selected
as ECSSs, and the objective function achieved a minimum value of 3140.07 km. Table 9 shows which
EPs each ECSS provides delivery services for under the conditions of z = 2 and z = 3.Sustainability 2020, 12, x FOR PEER REVIEW 16 of 23 
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Table 9. EPs that each ECSS provides delivery services for.

z ECSS EPs

z = 2
A1 1,2,3,4,5,6,7,8,9,10,11,12,13,18,19
C3 14,15,16,17,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37

z = 3
A1 1,2,3,4,5,6,7,8,9,10,11,12,13,18,19
C3 14,15,16,17,20,21,22,23,24,25,26,32,33,34,37
B4 27,28,29,30,31,35,36

5.2.2. Environmental Benefits of the New Mode

To highlight the benefits of the implementation of the crowdsourcing distribution mode,
we compared the environmental benefits before and after the implementation of the new mode
by measuring carbon emissions.

For the End of the Distribution

In general, electric tricycles, whose average power consumption over 100 km is 5 kW·h,
are frequently used in the traditional mode. Producing 1 kW·h of electricity will generate 0.9 kg of
carbon emissions [61]; the emission coefficient for power-consuming vehicles was set to 0.90 in this
study. The formula for measuring carbon emissions is as follows:

CO2 from power-consuming vehicles (kg) = Power consumption degree × 0.90 (36)

We assume that the four express enterprises (A, B, C, and D) will divide the business volume
of the EPs equally. We set the maximum delivery quantity that an electric tricycle can handle in
one batch at 150 [17]. The total estimated distance travelled is approximately 439.05 km. Therefore,
the daily carbon emissions are estimated as approximately 19.76 kg. As cyclists and pedestrians
are considered as crowdsourcing couriers [29], we assumed that the couriers would deliver the
packages mainly by bicycles (no power consumption) and electric bicycles (of which the average power
consumption of 100 km is 0.5 kW·h). The results of daily carbon emissions of the new mode are shown
in Table 10 and Figure 9. The environmental benefits generated by the establishment of ECSSs are
considerable, and establishing two or three ECSSs can both contribute to emission reductions and
improve environmental benefits. However, higher benefits can be achieved by establishing three ECSSs
rather than two, with a difference of 0.93 kg per day.

Table 10. Comparison of carbon emissions before and after crowdsourcing for the end of the distribution.

CO2 (kg) Reduction (kg) Percentage
Reduction

Traditional distribution 19.76 — —
Crowdsourcing distribution (z = 2) 15.06 4.7 23.79%
Crowdsourcing distribution (z = 3) 14.13 5.63 28.49%
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For the Front-End of the Distribution

For the front-end of the distribution, fuel-consuming 4.2 m vans (of which the average fuel
consumption over 100 km is 11 L) are usually used to deliver express parcels from logistics centers
to the end outlets, with an approximate capacity of 1600 pieces. We assume that four express
enterprises (A, B, C, and D) divide the business volume of the EPs equally, with 40,681 pieces in total.
According to Ubeda et al. [62], carbon emissions produced by fuel-consuming vehicles total 3.11 kg/km.
Then, knowing that the density of fuel is 0.84 kg/L [17], the emission coefficient is set to 3.11 × 0.84 =

2.61. The formula for measuring carbon emissions is as follows:

CO2 from fuel-consuming vehicles (kg) = Fuel consumption (liter) × 2.61 (37)

Before the new mode was implemented, there were four express enterprises using their own
vans to deliver their express packages from the logistics park (Beijing Shunyi Airport Logistics Park)
to their own end DOs, as shown in Figure 5. However, taking advantage of the new mode, the four
express enterprises collaboratively used vans to deliver the express packages to ECSSs. The results are
shown in Table 11 and Figure 10; for the front-end process, the environmental benefits generated by
the establishment of ECSSs are substantial, and the configurations of two or three ECSSs contributed
nearly equally to the area’s emissions reduction, with a difference of 0.20 kg per day.

Table 11. Comparison of carbon emissions before and after crowdsourcing for the front-end of
the distribution.

Vans CO2 (kg) Reduction (kg) Percentage
Reduction

Traditional
distribution 31 243.18 — —

Crowdsourcing
distribution (z = 2) 26 203.42 39.76 16.35%

Crowdsourcing
distribution (z = 3) 26 203.62 39.56 16.27%
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the distribution.

Considering the number of vehicles needed, there were no differences when z = 2 and z = 3
(26 vans needed). However, compared with the traditional mode (31 vans needed), the demand for
4.2 m vans would be reduced by five. Furthermore, the overall loading rate of vans can be improved
to a certain extent. As shown in Table 12, the overall loading rate will be improved from 82.02%
to 97.79%, with an increase of 15.77%. Through the implementation of crowdsourcing distribution,
fuel consumption costs and fixed vehicle costs can also be saved.

Table 12. Carbon emissions before and after crowdsourcing distribution.

Number of Vans Loading Rate

Traditional distribution 31 82.02%
Crowdsourcing distribution 26 97.79%

Reduction 5 15.77%

For the Entire Distribution

For the entire distribution, carbon emissions are estimated to be reduced by 44.46 kg when z = 2 or
45.19 kg when z = 3 in total on Bei Tai Ping Zhuang Street, Beijing, with an annual reduction of 16.22 to
16.49 t. In Table 13 and Figure 11, the implementation of the new mode of crowdsourcing distribution
clearly achieves considerable environmental benefits, with more benefits generated from the end than
from the front-end. In addition, establishing three ECSSs increased environmental benefits, with a
difference of 0.73 kg per day compared with two ECSSs.

Table 13. Carbon emissions before and after crowdsourcing distribution.

Front-End (kg) End (kg) Total (kg)

Traditional distribution 243.18 19.76 262.94

Crowdsourcing distribution z = 2 203.42 15.06 218.48
z = 3 203.62 14.13 217.75

Reduction
z = 2 39.76 4.70 44.46
z = 3 39.56 5.63 45.19

Percentage reduction z = 2 16.35% 23.79% 16.91%
z = 3 16.27% 28.49% 17.19%
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5.2.3. Suggestions

In addition to the environmental benefits of the new mode, it can also achieve economic and
social benefits. From the perspective of express enterprises, rental costs of distribution outlets,
fuel consumption costs, and fixed vehicle costs can be saved. Enterprises deliver their express
packages directly from the logistics park to ECSSs instead of their own outlets, so the rental costs of
distribution outlets will be reduced. Since crowdsourcing couriers use their own vehicles for terminal
distribution, enterprises no longer need to equip themselves with lots of electric tricycles, and fixed
vehicle costs and fuel consumption costs can be reduced. Meanwhile, they can easily and efficiently
use and mobilize social resources, and the cost of employing couriers will be reduced. From the
perspective of crowdsourcing couriers, they can earn extra income from express deliveries because of
the large volume of part-time jobs provided by implementing the crowdsourcing distribution. They can
make full use of their spare time and accept orders according to their own delivery willingness so
that the time arrangement is more flexible, and they can earn extra income through work in their
spare time. Moreover, both the instant and non-instant delivery needs of customers can be met
through the distribution service. In the long run, the development trend of terminal distribution
is to reduce or eliminate secondary deliveries. Terminal distribution mainly meets the non-instant
delivery to the intelligent cabinets and the crowdsourced instant delivery to the stations. The proposed
crowdsourcing distribution mode for city express delivery will help integrate logistics resources,
reduce costs, improve efficiency, and facilitate the green development of city logistics.

Our findings of benefits of the proposed new mode are very significant and useful for city agencies
and governments to introduce and implement policies and regulations within the express delivery
industry. (1) It is suggested that vicious competition should be avoided among the express delivery
enterprises and it is encouraged to form a consensus on sharing distribution vehicles, distribution
personnel, distribution information, and other resources so as to realize the coordinated development
of express delivery through cooperation and communication within the industry. (2) It is suggested
that the government plans the land uniformly to establish ECSSs or encourages and supports the
third-party enterprises with strong strength and standardized service to establish the ECSSs. In order to
encourage and guide express delivery enterprises to settle in, it is suggested that the government gives
some preferential policies to enterprises in terms of planning land, rent and tax, etc., and to simplify
the approval procedures. (3) Actively encourage more IECs to be laid in the end network to relieve the
pressure of express delivery and effectively reduce “secondary delivery”. (4) The establishment of a
perfect certification access mechanism for crowdsourcing couriers is crucial. It is suggested that a strict
application process for crowdsourcing couriers needs to be set up to carry out a more comprehensive
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authentication, and that job training is provided regularly for those registered and approved couriers
on the platform. (5) It is suggested to establish a comprehensive service quality evaluation system
to evaluate the service quality of crowdsourcing couriers through the assessment of the distribution
time, user evaluation, and other data on the platform so as to ensure the brand reputation of the settled
express delivery enterprises.

6. Conclusions

Following the new trend of green logistics and considering the urgent need for solving problems
of logistical activities, including uncoordinated resource allocation and unreasonable network layout
of terminal express distribution, the main contribution of this study is the proposal of a new
environmentally friendly mode for city distribution and the introduction of a new concept of end
crowdsourcing service stations (ECSS), which provide end delivery service for several enterprises
and achieve enormous environmental benefits. The traditional problems such as high emissions,
serious resource wastes, and low delivery efficiency, which restrict sustainable improvements of
logistics activities, can be solved by the new mode and location scheme.

To prove the environmental benefits of the proposed mode, this study investigates a real-world
case in Beijing, China. The environmental benefits generated by ECSSs are considerable, and it is
estimated that carbon emissions can be reduced by 16.91% to 17.19% for an entire distribution process.
In addition, it is not necessary for express enterprises to build excessive distribution outlets in the end
network or purchase unnecessary electric tricycles and vans, and the overall loading rate of vans can
be improved by 15.77%. As the new mode can meet both the instant and non-instant delivery needs of
end customers, secondary distributions will be reduced, and the delivery efficiency of the end network
will be substantially improved. Our findings can encourage local governments to implement more
effective regulations and policies to support the greener and more efficient development of express
enterprises in the future.

However, there are still some limitations in this study. First, we calculated the distance between
nodes through the longitude and latitude, but there was a small amount of error for the distance of
the actual distribution path. Second, we did not consider the difference in power consumption of
electric tricycles under different loads. The next steps of our study in the future include the following.
(1) In order to study the behavior of the model for larger areas, the research area will be expanded to the
whole Beijing area in the next step. (2) The system for evaluating the node importance of the existing
end DOs to identify the candidate nodes for establishing ECSSs will be improved by considering
other metrics, such as connectivity and spatial allometry. (3) The location model of ECSSs will be
improved by considering traffic state effects, e.g., jams and the ratio of instant and non-instant delivery
demands of end customers. Additionally, the results in a real test with real consumptions of the
vehicles will be further investigated, and real data validations on the basis of real fuel consumptions,
vehicle weights, and energy sources will be further studied by using the SUMO (Simulation of Urban
Mobility) simulation software to simulate road traffic. (4) The impacts of the use of new energy vehicles
on promoting the development of green transportation in logistics activities will be further studied.
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