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Abstract. Urban logistics distribution accounts for a large proportion of CO, emissions generated by urban trans-
portation. Reducing CO, emissions in the process of logistics distribution is one of the urgent urban problems to
be solved. This article investigates the location of urban logistics distribution centers considering cargo transpor-
tation services of a public transportation system. Considering one or several bus lines for representing a public
transportation system, several collaborative distribution scenarios are studied, and 2 mixed integer linear program-
ming models are established to explore the impact of the public transportation system on the location of distri-
bution centers in urban logistics. Numerical experiments show the influence of different bus lines on the location
of distribution centers, collaborative distribution and truck carbon emissions in Dalian (China). In any case, the
possibility of establishing distribution centers in blocks 5 and 42 of Dalian is very high. When bus lines are used,
the highest bus line utilization can reach 47.83%, and the CO, emission can be reduced by up to 36.3%. In terms
of different bus lines, line 2002 is more suitable to participate in the collaborative distribution in Dalian compared
with other bus lines.
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Notations

CBD - central business district;
DCLP - distribution center location problem;
OD - origin—destination;
ULDCLPPTS - urban logistics DCLP considering the use of
a public transportation system.

1. Introduction

ment of transportation industry is an important reason
for the increase of CO, emissions, accounting for more
than 20% of the total global emissions (Chen et al. 2021).
Among them, a large proportion of CO, emissions and
other environmental pollutants come from production ac-
tivities related to urban transportation (Zhang et al. 2018).
Urban transportation accounts for 40% of the total CO,
emissions from road transportation (Gota et al. 2015) and
70% of the total emissions of other pollutants (EC 2007).

Global warming caused by greenhouse gases has attract-
ed wide attention worldwide (Mohmmed et al. 2019). In
2019, the concentration of CO, in the global atmosphere
increased by 46% compared with that before industriali-
zation, reaching 409.8 ppm (Lindsey 2025). The develop-

Urban logistics distribution is an important part of urban
transportation, and unreasonable planning of urban logis-
tics distribution is an important cause of unnecessary con-
gestion and greenhouse gas emissions (Savelsbergh, Van
Woensel 2016).
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The current urban logistics distribution system has
brought many negative impacts on economy, environment
and society. CO, emissions generated by urban logistics
distribution account for 25% of CO, emissions from urban
transportation. Reducing CO, emissions in the process of
logistics distribution is one of the urgent urban problems
to be addressed. The current urban logistics distribution
is mainly based on road transportation, where trucks are
mainly used for urban logistics distribution. The fuel used
by most trucks in urban logistics distribution activities is
diesel, which causes more serious pollution than gasoline
(Li et al. 2020). The researches on CO, emission reduction
in the field of trucks have begun to increase in recent years,
including measurement of CO, emissions of trucks (Elhed-
hli, Merrick 2012; Demir et al. 2014; Guerrero de la Pefia
et al. 2020) and CO, emission reduction of heavy trucks
(Diaz-Ramirez et al. 2017; Giuliano et al. 2021). Other stud-
ies are trying to find solutions to make urban logistics dis-
tribution more sustainable, including the design of urban
logistics distribution networks (Yang et al. 2012; Guo et al.
2017), optimization of low-carbon logistics distribution
path (Zhang et al. 2019; Su, Fan 2020; Tang et al. 2021), and
location and evaluation of logistics centers (Correia et al.
2012; Zhang et al. 2021; Mepparambath et al. 2021). This
article combines current trends to study the collaborative
transportation problem using public transportation sys-
tems and trucks in the urban logistics industry.

The use of public transportation systems for cargo trans-
portation services may be a solution to improve urban air
quality (Zhao et al. 2018). As the backbone of urban trans-
portation, public transportation system has been greatly
developed in terms of energy conservation and emission
reduction under the promotion of national incentive meas-
ures (Logan et al. 2020; Liu et al. 2021, 2022). It has become
a future trend to use perfect and low-cost public transpor-
tation system to assist urban logistics transportation (Sav-
elsbergh, Van Woensel 2016). The concept of using public
transportation systems to transport cargoes has been put
forward for a long time (Nash 1982), and gradually covers
many aspects such as buses, subways and trams (Masson
et al. 2017; Dampier, Marinov 2015; Fatnassi et al. 2015).

The collaborative distribution mode using urban pub-
lic transportation systems and trucks still reflects a new
concept of urban logistics development, which has the
characteristics of low-carbon, economy and convenience
(Cochrane et al. 2017). Compared with traditional logistics
distribution, the integration of cargo transportation using
trucks with public transportation systems can potential-
ly reduce the operating costs of trucks, and increase the
utilization of public transportation systems, while reduc-
ing CO, emissions of trucks (Ghilas et al. 2016a, 2016b).
The average waiting time for cargoes in the logistics sys-
tem can also be greatly reduced through the joint optimi-
zation of the utilization of public transportation systems
and trucks (Zhen et al. 2020). In addition, with the increase
of urbanization rate, the urban public transportation sys-
tem is becoming larger and larger. From 2015 to 2020,
China's urban bus ownership increased from 562000 to
704000 (MOT 2021).

Previous studies on collaborative distribution of urban
logistics are more limited to a single public transport line,
without considering the internal optimization of the sched-
uled line (Kikuta et al. 2012; Dampier, Marinov 2015), or
the research problem is limited to vehicle routing problem
with transshipment or centralized delivery, without con-
sidering the selection of transhipment points (Ghilas et al.
2016a, 2016b; Masson et al. 2014, 2017). The location of
distribution centers plays an important role in urban logis-
tics and undertakes the important task of optimizing urban
logistics network. The location of distribution centers can
have an impact on the total operating cost of an enter-
prise up to 50% (Rikalovi¢ et al. 2018). There are no stud-
ies carried out on collaborative distribution of urban logis-
tics combined with the DCLP. To fill this research gap, this
article investigates the ULDCLPPTS, which is a novel DCLP.
The main contributions and works of this article are as
follows:
= this article investigates the location of distribution cent-
ers considering the impact of a public transportation
system (i.e., the ULDCLPPTS), where one or several bus
lines are used to represent a public transportation sys-
tem, and several collaborative distribution scenarios are
devised;

= 2 mixed integer linear programming models are pro-
posed to formulate the ULDCLPPTS under different sit-
uations;

= numerical experiments show that the public transpor-
tation system can have a big impact on the location of
distribution centers in urban logistics, as well as reduc-
ing CO, emissions of trucks.
The rest of this article is organized as follows:
= current Section 1 — introduction;
= Section 2 gives literature review;
= in Section 3, notation, assumptions and problem de-
scription are provided for the ULDCLPPTS;

= in Section 4, 2 mixed integer linear programming mod-
els are established for the ULDCLPPTS;

= Section 5 provides numerical experiments;

= finally, a summary is given in Section 6.

2. Literature review

This article aims to study the ULDCLPPTS, which is a nov-
el DCLP, belonging to the location problem. The location
problem was 1st proposed by Alfred Weber (Brandeau,
Chiu 1989). After decades, it has been widely used in many
fields such as transportation, logistics and medical treat-
ment (Owen, Daskin 1998; Melo et al. 2009; Ahmadi-Javid
et al. 2017). Here this articlemainly review the related stud-
ies on the DCLP.

Many scholars have studied the DCLP in view of the
competitive relationship between distribution centers. Ac-
cording to the existing distribution centers, Sun & Gao
(2002) established a competitive location mode to provide
decision support for effective location for a new distribu-
tion center. On the basis of analysing the characteristics of
logistics distribution centers, Gao et al. (2007) proposed
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a competitive logistics distribution center location mod-
el. Both of them aim to obtain the largest market share,
and construct nonlinear programming problems to study.
Sheng & Wang (2014), Drezner et al. (2015) and Beresnev
& Melnikov (2018) studied the DCLP under the competitive
conditions, following the framework of leaders and follow-
ers. Sheng & Wang (2014) considered the carbon emis-
sions and costs of many links and established a logistics
distribution center location model under monopoly condi-
tions. Drezner et al. (2015) optimized the follower's prob-
lem and the leader's problem using a branch and bound
algorithm and a taboo search algorithm, respectively, to
obtain the optimal location results. Beresnev & Melnikov
(2018) proposed an optimistic bi-level mixed integer pro-
gramming and used a branch and bound algorithm to
solve the upper bound of the problem.

With the deepening of the concept of sustainable de-
velopment, low-carbon emissions have gradually become
an important factor affecting the DCLP. In order to reduce
the total cost of carbon emissions, Yang & Lu (2014) es-
tablished a hierarchical distribution center location mod-
el with different carbon emission policies. Zhao & Yang
(2014) constructed a bi-objective integer programming
model considering CO, emission and logistics cost from
the perspective of local government to locate urban logis-
tics centers. Considering uncertain demand, Lin et al. (2020)
adopted the stochastic programming theory to establish
a location model aiming at the lowest total cost, including
carbon emission cost. Zhang et al. (2021) established a bi-
level programming model for the DCLP, in which the upper
level problem aims to establish a reasonable carbon emis-
sion policy to minimize the total social cost of the logis-
tics system. Wang et al. (2024) considered the constraints
of demand and time windows, combined with the influ-
ence of carbon emissions, and established an environmen-
tal cold chain logistics distribution center location model.

Many scholars have studied the DCLP based on fuzzy
theory. Yang et al. (2007) established a chance constrained
programming model to study DCLP in fuzzy environments
and investigated some properties of the model. Hashim
et al. (2014) studied the DCLP in fuzzy environment by
multi-objective optimization of the 3-level supply chain ar-
chitecture composed of manufacturer, distribution center
and customer. Awasthi et al. (2011) proposed a multi-cri-
teria decision-making method under uncertainty with the
help of fuzzy theory, and then quantified the value of se-
lected criteria for urban distribution center location. Wang
et al. (2014) incorporated the historical evaluation accura-
cy mechanism into the fuzzy environment, and established
a multi-criteria decision-making model based on the deci-
sion maker's credibility for logistics center location.

In addition, Agrebi et al. (2015) reviewed the DCLP for
2 major categories of problems: uncertain environment
and certain environment. Hu (2011) and Gutjahr & Dzubur
(2016) established a bi-level programming model to seek
the optimal location of distribution centers, taking into ac-
count customer interest needs. Agrebi et al. (2016) also pro-
posed a decision method based on ELECTRE |, which veri-
fies the selected location by conducting both consistency

and inconsistency tests simultaneously. Sopha et al. (2016)
proposed a 2-stage urban distribution center location
method, which includes spatial analysis and multi-objective
mixed integer linear programming. Yan et al. (2022) consid-
ered the dynamism of customer demand and established
a multi-stage dynamic location model to solve the DCLP
by introducing transfer costs between adjacent stages. Pan
et al. (2022) proposed an intelligent evolutionary algorithm
called Rafflesia optimization algorithm to solve the DCLP,
and compared it with 7 meta-heuristic algorithms. Wu
et al. (2022) considered uncertain demand, improved the
clustering algorithm, and combined it with the center-of-
gravity method to propose a 2-stage model to solve DCLP.

The previous studies on the DCLP are adequate, how-
ever there are no studies carried out on the DCLP consid-
ering the use of a public transportation system. This article
proposes the ULDCLPPTS, which addresses the location of
distribution centers considering buses and trucks for col-
laborative distribution, as well as reducing CO, emissions
of trucks.

3. Notation, assumptions
and problem description

3.1. Distribution demands, truck types
and a public transportation system

This article aims to investigate the location of distribution
centers in urban logistics, by considering the use of a pub-
lic transportation system. Namely, trucks and public trans-
portation system are used together for collaborative distri-
bution. For simplicity, one or several bus lines are used to
represent the public transportation system in this article.
As will be shown in numerical experiments, case stud-
ies in a port city are considered. For the convenience of re-
search, the city is divided into several blocks based on the
main road network and administrative divisions, and each
block is marked with a different number, with the popula-
tion of each block corresponding to its logistics demand.
Assuming that distribution demands are transported from
the port (and/or the railway station) to each block, where
the port and the railway station are supply nodes, and each
block is the demand node, as shown in Figure 1. Traditional
urban logistics distribution takes trucks as the main trans-
portation mode. Depending on the quantity of cargoes and
transportation environment, different types of trucks are
often used for transportation to reduce operating costs. In
urban logistics, heavy trucks mainly undertake mass trans-
portation tasks between large logistics warehouses and
ports (Demir et al. 2014). Generally, heavy trucks are not
allowed to access to CBDs, where compact trucks are used
to optimize logistics operations within the city (Szymczyk,
Kadtubek 2019). For the last-mile delivery, logistics compa-
nies often set up their own fleet of minivans for transpor-
tation due to the quantity of cargoes and physical charac-
teristics of vehicles (Janjevic et al. 2021). Therefore, in this
study, different types of trucks are used between differ-
ent logistics distribution nodes, as shown in Figure 1. There
have been studies on transporting cargoes by bus (Ghi-
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las et al. 2016a, 2016b; Masson et al. 2017). For bus lines,
it is assumed that the storage space of each considered
bus is enough to meet the daily distribution demand. Each
customer’s needs are loaded into a single rolling contain-
er, which is then loaded into a specific area of the bus. The
number of containers allowed on a bus is small, and the
maximum number of containers that can be unloaded si-
multaneously at the station is limited, which is assumed to
be ten (Masson et al. 2017). Furthermore, when using bus
lines for cargo transportation, it is assumed that cargoes
can only be loaded and unloaded at the starting station
and the ending station of each considered bus line. There-
fore, there will not be a significant impact on passengers
or other aspects. This article studies from the planning per-
spective, because the bus freight volume is small and the
frequency of buses is very high, so the impact of timetable
is not considered.

3.2. Distribution modes and transportation cost

As shown in Figure 1, the logistics distribution process-
es from the port (or railway station) to each block can be
classified into 2 scenarios on whether integration and tran-
shipment must be carried out through distribution centers.
Figure 1a shows 2 distribution modes (1 and 2) that are
transferred through distribution centers, while Figure 1b
expands on the distribution mode 3 that does not pass
through distribution centers.

In the traditional distribution mode, cargoes are usual-
ly transported from factories or ports to distribution cent-

ers for transshipment, and then transported to another
distribution center or directly transported to each store or
block. Following Yaman (2009), Demir et al. (2014), Szym-
czyk & Kadtubek (2019), Janjevic et al. (2021), Rodriguez
et al. (2022), heavy trucks are used to transport between
the port (or the railway station) and distribution centers,
trucks are used to transport among distribution centers,
and minivans are used to transport between distribution
centers and blocks (i.e., distribution mode 1 shown in Fig-
ure 1). Due to the limited use of heavy trucks, this study as-
sumes that heavy trucks only serve transportation between
the port (or the railway station) and distribution centers
within 10 km from the port or railway station, and heavy
trucks are not allowed to CBDs. When considering bus
lines, 2 additional distribution modes are introduced on
whether cargoes should be routed via a distribution cent-
er. When distribution centers are required, the distribution
mode is called distribution mode 2, otherwise it is called
distribution mode 3, as shown in Figure 1.

The port and the railway station are regarded as 2 super
supply nodes in this article. Next, the transportation paths
and associated costs for 3 different distribution modes
(Figure 1) with respect to OD pairs are introduced. By us-
ing the transportation path for any OD pair, Figure 1 can be
described as Figure 2.

Based on distribution mode 1, for any OD pair (i, j)
(V([, j) € Q), cargoes are transported from origin { to des-
tination j routed via 2 distribution centers k and m, and its
transportation path can be expressed as follows:

®

i—k—>m-—j,

Distribution mode 1

—

Truck
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Heavy truck Distribution mode 2 'M-.“
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Figure 1. Distribution modes in 2 scenarios: @ — using distribution modes 1 and 2; @ — using distribution modes 1, 2, and 3
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Figure 2. Simplified distribution modes in 2 scenarios

where: heavy trucks are used between origin { and distri-
bution center k, trucks are used between distribution cent-
ers k and m, and minivans are used between distribution
center m and destination j.

When bus line [ is used, transportation paths associ-
ated with distribution modes 2 and 3 can be expressed as
follows:

(—k—l, =l —m—j, (2)
(=l =1l — ], 3)

where: [, [, represent the starting station and the ending
station of bus line [, respectively.

For the transportation cost, this article considers trans-
portation distance and transportation discount factors of
different trucks. Let Dy, represent the transportation cost
between nodes i and k. Let Ci}km' qukm, and C;, represent
the transportation cost of 3 transportation paths associat-
ed with distribution modes 1, 2 and 3, respectively. Namely:

Ci}km:V'Dik + 0Dy, +D,i )
Cij%km,:y Dy + a-(Dk,h + Dlnm) + D,y +B; (5)
Cg, :Dilh + D,n ;1B (6)

where: o, y represent the transportation discount factor for
transporting cargoes between distribution centers and be-
tween the port (or railway station) and distribution centers
(y < a); B is a fixed unit price when any bus line is used.

3.3. Fuel consumption and
CO, emission calculation

The collaborative distribution of buses and trucks is of
great significance in reducing the CO, emissions of trucks,

ing the CO, emissions of trucks. For CO, emission cal-
culation, a comprehensive fuel consumption model is
adopted through comparative analysis, following Bektas
& Laporte (2011). Generally, the speed of trucks during lo-
gistics distribution is between 40...80 km/h (He, Li 2018).
Following Mei (2020), it is assumed that the truck speed
equals 60 km/h. Following Bektas & Laporte (2011), fuel
consumption F; when transporting between nodes i and j;,
can be estimated as follows:

D..
ij
g
~ i)
A ~
g q
m m m .2
CXU~(W +fij )~D[j+ﬁ -vij-Dij

. @)
q

where: P, represents the truck traction power; v; repre-
sents the running speed of the truck on link <i, j> with
distance Dj; q represents the calorific value of the fuel; w™
represents the dead weight of m type truck; fg"n represents
the load of m type truck on link <i, j>; the maximum load
of different types of truck is expressed by Q™, fy'" <Qm
ay, B are 2 parameters.

Then the CO, emission Ej on link <l, j> can be calcu-
lated as follows:

Ej=e-Fy,

)

where: € represents the fuel emission factor.

Following Bektas & Laporte (2011), He & Li (2018),
truck type related parameters involved in Equations (7)
and (8) are shown in Table 1.

Table 1. Truck type related parameters

m . m
Truck type [Vlgl [ijg] W | P o | ke
Minivan 5000 9000 | 0.10 | 2.71 | 3.3-107 2.62
Truck 9000 15000 | 0.10 | 3.61 | 3.3-107 2.62
Heavy truck 15000 | 25000 | 0.10 | 5.80 | 3.3-107 2.62

4. Model development

In this section, 2 mixed integer linear programming mod-
els (Models A and B) are established to formulate the UL-
DCLPPTS for the 2 scenarios shown in Figures 1 and 2.
Among them, Model A corresponds to Figure 1 and con-
siders distribution modes 1 and 2, while Model B cor-
responds to Figure 2 and further considers distribution
mode 3. Within Models A and B, the optimal bus lines
should be determined for transportation paths associated
with distribution modes 2 and 3. Some notations need to
be defined to more intuitively formulate the ULDCLPPTS.
The main sets, parameters and decision variables used in
this article are shown in Table 2.

Next, Sub-sections 4.1 and 4.2 show the objective func-
tions and related constraints of Model A and Model B with
different distribution modes, respectively.
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Table 2. Sets, parameters and decision variables used in this article

Sets:

N set of supply nodes
DN | set of demand nodes
H set of bus lines

Q set of OD pairs

Parameters:

qi demand between supply node i and demand node j v(i, j) €0

Decision variables:

Z a binary variable that equals 1 if node k is a distribution center, and 0 otherwise

Zy a binary variable that equals 1 if supply node i is assigned to distribution center k, and 0 otherwise

Z, | a binary variable that equals 1 if demand node j is assigned to distribution center m, and 0 otherwise

bus on the way

jikm | fraction of demand from supply node i to demand node j, routed via distribution center k and m successively, without using

Yiikm | fraction of demand from supply node i to demand node j, routed via distribution center k and m successively, with using bus

line [ on the way

Yy | fraction of demand from supply node i to demand node j by bus line { without passing through distribution center

4.1. Model A

The ULDCLPPTS with distribution modes 1 and 2 as shown
in Figure 1a can be formulated by the following mixed in-
teger linear programming model (denoted by Model A):

mnd L D D D 4

i, jeQ keDN meDN leH

(C;'km “Xijkm +Cyz'kml Y ijkm[) ©)
subject to:
Z Z,=p; (10)
keDN
Z Xjiem < Zie ¥(i, j)eQ. Yk € DN; (11
meDN
ny.kmgzm, ¥(i, j)eQ. ¥me DN;; (12)
keDN
Z Zyijkm[ <Z,, V(i j)eQ, VkeDN; (13)
meDN leH
Z Zyijkm[ <Z,, V(i,j)eQ, VmeDN;  (14)
keDN leH

Z Zﬁm*Z Z Zyij'km[:1'

keDN meDN keDN meDN leH

v(i, j)eQ; (15)
Xjkm - Dim <10, ¥, j)€Q, Vk,me DN; (16)
Yijkmt - Dim 10, ¥(i, j) €Q,

Vlie H, Yk,mec DN; 17)
Z {01}, vk e DN; (18)
Xjkm >0, V(i j)€Q, Yk, m e DN; (19
Yikm 20, V(i j)€Q, VIEH, Yk, meDN. (20)

The Objective Function (9) is to minimize the total cost
of 2 distribution modes when several bus lines are used.
Constraint (10) ensures that p distribution centers should

be established. Constraints (11) and (12) ensure that car-
goes must be transferred through the distribution cent-
er when using distribution mode 1. Constraints (13) and
(14) ensure that cargoes must be transferred through the
distribution center when using distribution mode 2. Con-
straints (15) mean that cargoes distribution must be car-
ried out in one of 2 modes. Constraints (16) and (17) mean
that heavy trucks only serve distribution centers within
10 km of the port (or the railway station). Constraints (18)-
(20) are the domain of residual decision variables.

4.2. Model B

By further considering distribution mode 3, the ULD-
CLPPTS can be formulated by the following mixed integer
linear programming model (denoted by Model B):

SO IPWE

i,jeQ keDN meDN leH
1 2 3
(Cijkm'xijkm + Climt " Yijemt + Cyl‘yw) (1)

subject to:
Constraints (10)—(14), (16)-(20);

2 D a2 D D Vit

keDN meDN keDN meDN leH

Z Y =1 (i j)eQ 22)
leH

Y =0, V(i, j)eQ, VIeH. 23)

The Objective Function (21) is to minimize the total cost
of 3 distribution modes when several bus lines are used.
Similar to Constraints (15), Constraints (22) means that car-
goes distribution between any OD pair can only be carried
out in one of distribution modes 1, 2, or 3. Constraints (23)
are the domain of residual decision variables. In addition,
Model B also ensures the number of distribution cent-
ers established, the service scope of heavy trucks, and the



316 Q. Wang et al. Location of urban logistics distribution centers considering cargo transportation services of a public transportation system

fact that cargoes must be transferred through distribution
centers when using distribution modes 1 and 2.

To enhance the comprehensiveness of our model, we
have taken into account three additional factors based on
Models A and B: the time value of using buses and trucks
to transport goods, the fixed construction costs of different
locations, and the use of new energy vehicles. These fac-
tors are presented in Appendices A, B, and C, respectively.

5. Numerical experiments

In this section, Dalian (China) is taken as an example for
numerical experiments. Based on the main road network
and administrative division of Dalian, Figure 3 shows the
relevant data of 46 blocks, 6 bus lines and distribution
network of Dalian. With 46 blocks as demand nodes, and
their logistics demand is converted proportionally accord-
ing to the population data of each block. For simplicity, 10
of 46 demand nodes are selected as candidate distribution
centers, as shown in Figure 3. For the number of distribu-
tion centers to be established, this article mainly considers
p = 4, and similar results can be obtained when consider-
ing different values of p. For bus lines representing a pub-
lic transportation system, 6 realistic bus lines are selected,
i.e, bus lines 1, 2, 6, 10, 1105 and 2002, which basically
cover the whole city of Dalian. The distribution network is
mainly composed of the shortest road transportation path
from Dalian North Railway Station and Dalian Port to each
demand node and between demand nodes.

As shown in Figure 2 and Equations (1)—(3), this article
considers 3 different distribution modes when investigat-
ing ULDCLPPTS. In Figure 3, 6 bus lines are used to repre-
sent a public transportation system, and for each bus line,
loading and unloading can only be done at the starting
station and the ending station. When cargoes are trans-
ported from Dalian Port or Dalian North Railway Station
to various blocks, one of 3 distribution modes needs to
be selected for transportation. Taking line 2002 as an ex-
ample, due to its long route, the bus fare is relatively low-
er compared with the truck transportation cost between
logistics distribution centers. In theory, mode 2 or mode
3 is more preferred for transporting goods to the 5 blocks
near the ending station of line 2002, rather than mode 1.
Of course, the specific choice needs to be calculated. The
selection of distribution mode between 46 blocks in Dalian
and Dalian North Railway Station (or Dalian Port) and the
location of logistics distribution center need to be deter-
mined by model optimization results. 2 models are solved
by IBM ILOG CPLEX Optimization Studio (https://www.ibm.
com/products/ilog-cplex-optimization-studio), which runs
on a 3.7 GHz Dual-Core desktop PC with Windows 7 oper-
ating system and 4GB of RAM. The optimality gap of /1BM
ILOG CPLEX Optimization Studio is set as 0.001, and 2 mod-
els can be efficiently solved by IBM ILOG CPLEX Optimiza-
tion Studio within 1s.

Next, the distribution center location results using dif-
ferent models are presented in Sub-section 5.1. Sub-sec-
tion 5.2 shows the impact of different bus lines on distribu-

Figure 3. Distribution of demand nodes and bus lines in
Dalian

tion center location. The utilization of bus lines is shown in
Sub-section 5.3. Finally, Sub-section 5.4 shows the impact
of bus lines on CO, emissions.

5.1. Distribution center location
results using different models

In this sub-section, based on Models A and B, the distribu-
tion center location results are shown by considering the
different values of o, y and B. Since y < a, following Corey
et al. (2022), in order to show the model results under dif-
ferent transportation discount factors as comprehensively
as possible, let a=0.5,0.7,0.9, y=0.2,04,0.5,0.7. In or-
der to demonstrate the impact of fixed unit price within
a certain range on 2 models and price it reasonably, fol-
lowing Liu & Ceder (2015), let B =2, 8,14, 20. A hub prob-
ability is introduced for each node, which is defined as
the frequency of this node to be selected as a distribution
center. Figures 4 and 5 show results by considering one
bus line and several bus lines, respectively. When consider-
ing one bus line in Figure 4, each of 6 bus lines is used for
calculating the hub probability of each node. When con-
sidering several bus lines in Figure 5, 6 bus lines are used
together for calculating the hub probability of each node.
For simple presentation, Model A with one bus line and
6 bus lines are represented as Case | and Case lll, respec-
tively, and Model B with one bus line and 6 bus lines are
represented as Case Il and Case IV, respectively.

When one bus line is used, as shown in Figure 4, in
Cases | and I, blocks 5 and 42 have high hub probabili-
ties for establishing distribution centers. When only distri-
bution modes 1 and 2 are adopted (i.e., Model A or Case
), as shown in Figure 4a, the hub probabilities at blocks 8,
14 and 29 are low. After the introduction of distribution
mode 3 (i.e.,, Model B or Case Il), as shown in Figure 4b, the
hub probabilities at blocks 8 and 17 decrease according-
ly, while block 14 becomes more suitable for establishing
a distribution center.

When 6 bus lines are used together, as shown in Fig-
ure 5, in Cases Il and IV, blocks 5, 17, 30 and 42 have high
hub probabilities for establishing distribution centers, sim-
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Figure 5. By considering several bus lines, hub probabilities at different locations for: @ - Model A; @ — Model

ilar to the results in Case | shown in Figure 4a. Different
from Figure 4, hub probabilities are more concentrated at
certain nodes in Cases Ill and 1V, i.e., there are more nodes
whose hub probability equals 0, as shown in Figure 5.

5.2. Impact of different bus lines
on distribution center location

In this sub-section, the impact of different bus lines on the
location of distribution centers is shown in 4 cases (i.e.,
Cases [...IV), as mentioned above. Next the results of us-
ing bus lines for cargo transportation in different cases
are presented.

The results for Case | are shown in Figure 6, where on-
ly bus lines 1, 6, 10 and 2002 are selected respectively for
collaborative distribution with trucks. As shown in Figure 6,
blocks 5 and 42 have high hub probabilities when bus
line1, 6, 10 or 2002 is used. For other nodes, they may have
different hub probabilities when different bus line is used.
For example, block 14 has a relatively high hub probabil-
ity when bus line 1, 6 or 10 used, while its hub probability
equals 0 when bus line 2002 is used.

Next, the results for Case Il are shown in Figure 7, where
all considered 6 bus lines are selected, respectively. Simi-
lar to Figure 6, blocks 5 and 42 have high hub probabili-
ties. Similarly, for other nodes, they may have different hub
probabilities when different bus line is used. Take block 17
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for instance. When bus line 2002 is used, block 17 has a rel-
atively high hub probability, while its hub probability be-
comes lower when bus line 1, 2, 6 or 10 is used, and its hub
probability equals 0 when bus line 1105 is used.

For Case lll, as shown in Figure 8, 2 bus lines (i.e., bus
lines 1 and 2002) are selected for cargo transportation un-
der different situations. In this case, blocks 5, 17 and 42 have
high hub probabilities, and blocks 8 and 30 have relative-
ly lower hub probabilities. Similarly, for Case IV, as shown
in Figure 9, blocks 5, 17, 30 and 42 have high hub prob-
abilities. When 5 bus lines (i.e., bus lines 1, 2, 10, 1105 and
2002) are used for cargo transportation, as shown in Fig-
ure e, these 4 blocks are always selected as distribution
centers, i.e,, their hub probabilities equal 1.

Whether using only one bus line or several bus lines to-
gether, blocks 5 and 42 have a high probability of establish-
ing distribution centers. In addition, when using only one
bus line, block 14 has a greater advantage than block 17.
When several bus lines are used, the result is completely
the opposite. It is almost impossible to establish a distribu-
tion center in block 14. At this time, line 2002 will definitely
be used to participate in collaborative distribution, lead-
ing to a significant increase in the hub status of block 17.
Therefore, logistics distribution companies should invest
and layout in blocks 5, 42, and 17 as early as possible to
achieve collaborative distribution of buses and trucks.
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Figure 7. The hub probability results for Case Il when different bus lines are used:
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Figure 8. The hub probability results for Case Ill when different bus lines are used:
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Figure 9. The hub probability results for Case IV when different bus lines are used:
@ — bus line 2002; @ — bus lines 2 and 2002; @ — bus lines 2, 10 and 2002;
(d) - bus lines 1, 2, 10 and 2002; () - bus lines 1, 2, 10, 1105 and 2002

5.3. Bus line utilization

This sub-section shows the utilization of bus lines for Cas-
es Il and IV. The bus line utilization is defined as the pro-
portion of OD pairs, whose cargoes are transported via
bus lines.

Figure 10 shows the bus line utilization in collaborative
distribution under different values of a for Case Ill. The bus

line utilization decreases with the increase of f. When 2 <
B < 8, this trend is more obvious. When 3 > 8, the over-
all trend tends to be flat, especially when a = 0.7 and a =
0.9. In addition, the bus line utilization increases with the
increase of y. This trend is more obvious when the value of
B is small (e.g., B = 2), and slows down with the increase of
y. In Case lll, the bus line utilization is up to 39.13%, where
a=0.5y=04,B =2 as shown in Figure 10a.
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Figure 10. The bus line utilization under different values
of o for Cases llI

Figure 11 shows the bus line utilization under differ-
ent values of a for Case IV. The change of bus line utiliza-
tion with B is basically the same as that of Case Ill, but the
change with y is slightly different. Although it also increas-
es with the increase of y, and the change is more obvious
when B = 2, the utilization increases more significantly with
the increase of y. The maximum utilization of Case IV is up
to 47.83%, as shown in Figure 11c.

Figure 10 and Figure 11 show a similar phenomenon
that the bus line utilization in collaborative distribution de-
creases with the increase of B. At the same time, the bus
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Figure 11. The bus line utilization under different values
of o for Cases IV

line utilization increases with the increase of y, but this is
more obvious only when the B value is small. In addition,
under the same B value, compared with Case lll, Case IV
where the 3 distribution modes are used together, the bus
line utilization is generally higher. That is, the choice of dis-
tribution mode also has a great impact on improving the
bus line utilization. Therefore, logistics distribution compa-
nies should conduct reasonable pricing with bus compa-
nies, and adopt appropriate distribution modes in order to
make use of buses for collaborative distribution as much
as possible.
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5.4. The impact of bus lines on CO, emissions

This sub-section shows the total CO, emissions of trucks
for Cases Ill and IV to reflect the impact of using bus lines
on reducing CO, emissions in Dalian.

Figure 12 shows the total CO, emissions under differ-
ent values of a for Case Ill. The total CO, emission increas-
es with the increase of B. When 2 < B < 8, this trend is more
obvious, and when B > 8, the growth trend slows down.
In addition, the total CO, emission decreases with the in-
crease of y. When o = 0.5 and o = 0.7, this trend is only
reflected in B = 2 and slows down with the increase of y.

a=05

1061

1032

1002

9731
9438
9145
8852
8559

8266
7913
768.0

€0, emission [kg]

©

O, emission [kg]

v 0.5
0.7

Figure 12. Total CO, emissions of trucks under different
values of o for Case llI
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When o = 0.9 and B > 8, the total CO, emission 1st remains
stable and then decreases sharply with the increase of y.
As shown in Figure 11a, when o = 0.5, y = 0.4 and B = 2,
the total CO, emission of trucks in Case Il is the lowest,
768.9 kg, which is 28.1% lower than that without bus lines.

Figure 13 shows the total CO, emissions under differ-
ent values of a for Case IV. The change of total CO, emis-
sion with B is basically the same as that of Case IlI, but the
change with vy is slightly different. When the value of B is
small, the overall trend of total CO, emission also decreas-
es with the increase of y. However, when a = 0.9 and B =
20, the total CO, emission shows a trend of 1st increasing
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Figure 13. Total CO, emissions of trucks under different
values of o for Case IV
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and then decreasing with the increase of y. These chang-
es are closely related to the bus lines used. As shown in
Figure 13c, when a = 0.9, y = 0.7 and B = 2, the total CO,
emission of trucks in Case IV is the lowest, 680.9 kg, which
is 36.3% lower than that without bus lines.

Bus lines play an extremely important role in the distri-
bution center location, collaborative distribution and car-
bon emission reduction, especially line 2002. Line 2002 not
only has a long driving distance, but also the starting sta-
tion is close to Dalian Port. More importantly, the starting
and ending stations are located in the area with relatively
dense demand distribution.

6. Conclusions and future studies

This article introduces the influence of using bus lines for
urban logistics distribution into the DCLP (i.e., the ULD-
CLPPTS) and discusses the influence of public transporta-
tion system on the location of distribution centers in ur-
ban logistics, as well as reducing CO, emissions of trucks.
Considering different distribution scenarios and modes,
2 mixed integer linear programming models are proposed
to solve the ULDCLPPTS.

The numerical results show in any case, the possibility
of establishing distribution centers in blocks 5 and 42 of
Dalian is very high. When several bus lines are used, block
17 is also a good choice to establish a distribution center.
When bus lines are used, the maximum bus line utilization
can reach 47.83%, and the CO, emission can be reduced by
up to 36.3%. At this time, 5 bus lines (i.e., bus lines 1, 2, 10,
1105 and 2002) are used for cargo transportation, and dis-
tribution modes 1, 2, and 3 are used simultaneously.

In terms of different bus lines, line 2002 is more suit-
able to participate in the collaborative distribution in Da-
lian compared with other bus lines. Line 2002 can not on-
ly adapt to various distribution scenarios, but also bear
a high utilization, and can greatly reduce the carbon emis-
sion of trucks in the process of urban logistics distribution.
When line 2002 is used for collaborative distribution, in ad-
dition to blocks 5 and 42, blocks 17 and 30 are more likely
to be selected to establish distribution centers.

It should be pointed out that the research on the loca-
tion of distribution centers in this article does not do too
much research on the construction cost of specific loca-
tions and the use of new energy technologies such as elec-
tric trucks. In the future, the DCLP with fixed cost and the
urban logistics distribution problem considering the use of
electric trucks can be expanded by further refining fixed
construction costs and new energy technologies.
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Appendix A

Based on Models A and B, the time value of using buses
and trucks to transport goods is further considered. A few
new notations are introduced. Let S represent the value
of the cargoes themselves and & represent the depreci-
ation rate of the cargoes. Let v;j? represent the running
speed of the bus on link <i, j> with distance Dy. Follow-
ing Shen et al. (2023), S=569 CNY/kg, &=0.043%, and
vf =25km/h. Let t; represent the transportation time of
the truck on link <i, j>, and t;j? represent the transporta-

tion time of the bus on link <i, j>. Let tl}km, tyz-km, and tﬁ,
represent the transportation time of 3 transportation paths
associated with distribution modes 1, 2 and 3, respective-

ly. Namely:

1 = .
tijkm_tik + tkm + tmj ' (24)
2 B )
=t T, + t,h,n T Ly (25)
3_ B .
=ty + 1, (26)
D.
ty=—"; @7)
Vij
D.
tf=—5- (28)
G~ B
ij

Model A can be extended to the following mixed inte-
ger linear programming model (denoted by Model C):

EOIDIDIPIE

i,jeQ keDN meDN [eH

(5. S. (tgjkm “Xijkm +t5km1 : yijkml)+
(C!}km “Xijen T Cijz'kml .y“jkm[)) )

subject to:
Constraints (10)—(20):

1 2
Z Z Z(tijkm “Xijkm + i 'yijkml) < Tnax -

keDN meDN leH
V(i j)eQ. (30)

The Objective Function (29) is to minimize the trans-
portation and time costs of 2 distribution modes when us-
ing several bus lines. Constraints (30) mean that the trans-
portation time between any OD pair ([,j) cannot exceed
T

max-*
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Considering the time value, in Case Il (i.e., Model C),
blocks 5, 17 and 42 are definitely chosen to establish dis-
tribution centers. In addition, block 30 has a high probabil-
ity, while the probability of blocks 8 and 14 is relatively low.
Line 2002 is inevitably used to participate in collaborative
distribution. If a distribution center is established in block
30, line 6 will inevitably participate in collaborative distri-
bution. Secondly, there is a high probability that line 1 will
also be used.

Similarly, Model B can be extended to the following
mixed integer linear programming model (denoted by
Model D):

Y T3 S

i,jeQ keDN meDN [eH
1 2 3
(5'5'(tykm'xgkm +tykm1'yykm1+tg1'yy‘1)+
1 2 3
(Cljkm “Xiikem + Cliemt Y ijkm +Cy1')’y1)) @GN

subject to:
Constraints (10)—(14), (16)-(20), (22), (23);

5 3

keDN meDN leH

2 3

Eikmt " Ym0 Y, ij[) < Tax:

v(i, j)eQ. (32)

The objective function (31) is to minimize the transpor-
tation and time costs of 3 distribution modes when using
several bus lines. The meaning of constraints (32) is the
same as constraints (30).

The location results and bus line utilization are exactly
the same as the results of Model C. Due to the influence of
time value, distribution mode 3 is not used.

Appendix B

Based on Models A and B, let F, represent the fixed con-
struction costs of different locations. Model A can be ex-
tended to the following mixed integer linear programming
model (denoted by Model E):

mind 0 D D > 4
i,jeQ k€eDN meDN [eH
1 2
(Cy’km'xykm +Cy’kml'yijkm[)+ Z Fe-Zy 33)
keDN
subject to:

Constraints (11)—(20).

The Objective Function (33) is to minimize the trans-
portation costs and fixed construction costs of 2 distribu-
tion modes when using several bus lines.

Considering fixed construction costs in Case Il (i.e,
Model E), there is an opportunity to establish distribution
centers in blocks 5, 8, 17 and 42. Due to its excellent ge-
ographical location and low fixed construction costs, the
distribution center is definitely established in block 42. Due

to their proximity, only one distribution center was estab-
lished in blocks 5 and 8, and the fixed cost of establishing
a distribution center in block 8 is lower than that in block 5.
The higher the value of y, the more likely block 8 is to build
a distribution center, and when B = 2, block 8 will definitely
be chosen. When block 8 is selected, line 1 participates in
collaborative distribution. When block 5 is selected, no bus
lines are used for collaborative distribution. When ¢, y and
B are relatively small, block 17 has the opportunity to es-
tablish a distribution center. At this time, blocks 8 and 42
will also be selected, and lines 1 and 2002 will participate
in the distribution simultaneously.

Similarly, Model B can be extended to the following
mixed integer linear programming model (denoted by
Model F):

3 T3 o

i,jeQ keDN meDN leH

(C[}km‘xykm +C1]2‘kml'yijkml +Cya‘l‘yy'l)’“ Z Fe-Zy (34)

. keDN
subject to:

Constraints (11)—(14), (16)-(20).

The objective function (34) is to minimize the transpor-
tation costs and fixed construction costs of 3 distribution
modes when using several bus lines.

Considering fixed construction costs in Case IV (i.e.,
model F), only blocks 5, 8, 42 are likely to build distribu-
tion centers, and the situation for blocks 5 and 8 is similar
to that for model E. Block 42 is definitely chosen to build
a distribution center, and line 2002 will also participate in
collaborative distribution in any case.

Appendix C

Based on Models A and B, the use of new energy vehicles
is further considered. In Models A and B, the transporta-
tion cost of trucks is assumed to be proportional to the
transportation distance. After the introduction of new en-
ergy vehicles, the transportation cost of trucks needs to
be further considered in combination with the electricity
consumption cost per km and the fuel consumption cost
per km. Let o represent the ratio of the 2. According to the
calorific value conversion method, 1 kW-h electricity con-
sumption equals 0.1161 L fuel consumption. The value of
o can be obtained. Let Cye.,lm, C§k2m1 and Cije-f respectively
represent the transportation cost of 3 transportation paths
associated with distribution modes 1, 2 and 3 when using
new energy vehicles. Namely:

Cﬁ/lm=0'(y'Dik+a'ka+ij); (35)
Cifn=0- (VD 0:(Dyy +Dy )+ D,y +B; 36)
Cgefzo.(oi[h +D[nj.)+[3. (37)

Model A can be extended to the following mixed inte-
ger linear programming model (denoted by Model G):
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Y T3 S

i,jeQ keDN meDN [eH
(Cﬁm Xijkm T Cﬁkzmz Y ijkm[) 38)
subject to:

Constraints (10)-(20).

The Objective Function (38) is to minimize the total cost
of 2 distribution modes when using new energy vehicles
and several bus lines.

Similarly, Model B can be extended to the following
mixed integer linear programming model (denoted by
Model H):

My S S S

i,jeQ keDN meDN leH
(C,.je.;m K ot Vieomt + €57 yy-,) 39)
subject to:

Constraints (10)-(14), (16)—(20), (22), (23).

The Objective Function (39) is to minimize the total cost
of 3 distribution modes when using new energy vehicles
and several bus lines.
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