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Abstract: Synchromodality is the key to finding sustainable solutions for logistics, especially across
larger networks. The era of the COVID-19 pandemic has brought special attention to the disruptions
in demand and supply across the world and has accentuated the need for sustainable transportation
networks to handle such anomalies in supply chains. The proposed research develops a mathematical
model for an intermodal transportation network and investigates the model on one of the largest
and most widely discussed supply chain projects of the One-Belt-One-Road (OBOR) initiative. The
proposed bi-objective model focuses on time and cost functions with rail, roads, and ships as modes
of transportation. A detailed analysis was performed on various mode alternatives and links to
evaluate their performance. The study provides an insightful understanding of the network with
several suggestions. In contrast to roads and trains, container ships depict a fourfold increase in
fuel consumption for an average ship weighing 4500 TEUs with the increase in shipping speed. It
was concluded that increasing port capacity and reducing custom clearance time can have a major
impact on lead times, and this is directly influenced by a country’s ease of doing business. Moreover,
with its several branches, the OBOR initiative can provide a robust supply chain with increased
logistical capacity.

Keywords: synchromodal; bi-objective model; transportation; cost; One-Belt-One-Road

1. Introduction

Globalization made a significant impact on market dynamics and trading over the
last decade. Integrated markets around the globe increased trading dependencies among
countries and led to the development of concepts such as Industry 4.0. In the current
scenario, industries face an ever-increasing demand for reduced lead times and costs in
order to remain competitive in the global market [1]. Logistics and transportation play a
vital role in this area and contribute to the determination of the financial position of an
enterprise [2]. Logistics and distribution costs account for 8–10% of the total costs. Even a
small reduction in these costs can prove to be a decisive factor in defining the competitive
position of an industry [3].

Massive investments in infrastructure are made by the world’s biggest economies to
facilitate logistics, supply chains, and mobility. During the COVID-19 pandemic, global
markets had to face massive disruptions in supply chain networks, and lockdowns across
borders enforced the exploration of alternative routes. The world trade volume grew by
3.6%, while container traffic (measured in TEUs) increased by 4.8% in 2017–2018, which
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was double the rate in the previous year in 2016 [4]. According to EUROSTAT 2017 [5],
Germany spends EUR 17 billion while Turkey spends EUR 4 billion on inland freight
transportation. As the trade volume increases, the problem of congestion starts to increase
as well. According to European statistics, more than three-quarters of the total inland
freight transportation is being carried by road, making safety and the environment major
concerns [6]. The major port of Europe in Rotterdam currently carries 55% of the freight via
trucks for inland transportation [7], and it is aimed to reduce this percentage to 35% by 2030
and to reduce carbon emissions by more than 50% by 2050 [8]. Apart from environmental
issues, burdening a single mode of transportation with freight where the same route is
also being used for public transportation poses serious risks of congestion in peak hours,
such as for ambulances. For a sustainable supply chain network defined by robustness and
flexibility, a detailed network analysis for alternatives needs to be discussed. Moreover,
the load needs to be distributed among other modes of transportation, such as rail and sea.
The current study explores a case study of the OBOR initiative in a wider network that is
spread across continents. The case study discusses all significant transshipment nodes in
the network that have not been discussed so far in the literature. The purpose is to explore
all possible routes and linkages, including train, road, and port networks.

2. Literature Review

To overcome the problems that especially come across with larger logistics networks
and to provide sustainable solutions, synchromodal transportation networks are recognized
as a promising alternative. Synchromodality is defined as an optimal solution for deploying
various transportation modes (e.g., rail, road, and sea) in order to provide flexibility
and sustainability [9]. The focus of this research is to provide a more sustainable and
environmentally friendly solution and to shift road freight traffic to rail and maritime
transportation. Hayuth [10] proposed a theoretical model for structural changes in network
planning and compared various aspects of transportation modes, such as maintenance,
reliability, and safety. Several research works have stressed the significance of this area and
investigated operational, political, and structural complexities [11,12].

The main challenge for synchromodal transportation networks is synchronization and
the distribution of various modes in the network for the continuous flow of goods. The
coupling of various transportation hubs in a network design is beneficial for economies of
scale [13]. Transportation models mainly aim to optimize the total costs incurred during
the distribution of goods. Extended cost models include various cost factors, such as opera-
tional and maintenance costs. A few studies proposed full cost models by incorporating
social and environmental costs as well [14,15]. Such models considered carbon taxes and
included them in the cost models. However, it cannot be considered sufficient anymore
to use only the cost functions to meet customers’ expectations; factors such as reliability,
lead times, and efficiency also need to be considered in order to remain competitive in the
market [16,17]. Various parameters that were focused on time consumption in network
models have been considered in the literature. The main time parameter is taken to be
travel time between the demand and supply stations, and is divided into two main types,
i.e., active and non-active, depending upon the travel routes [18]. As the travel time is
directly associated with travel distance and, in turn, fuel consumption costs, this parameter
is considered as the most effective, and this has been solved as the vehicle routing problem
(VRP) in the literature. Lin et al. [19] provided a detailed review on this topic for cost and
time objectives. They observed that minimizing distance in the VRP is also energy efficient
and sustainable.

Moreover, time windows are of significance when routing for large intermodal net-
works. Chang, T. [20] proposed a non-linear model with multiple commodities and time
windows with concave costs. The model defined cost parameters in relation with time
windows. However, the literature considering time windows and inventory costs for
intermodal transportation networks is lacking.



Sustainability 2022, 14, 3201 3 of 14

Another important factor when considering time functions is traffic congestion. The
demand and supply between the most efficient routes lead to traffic congestion. Traffic
congestion not only increases the travel time between routes, but it also leads to higher fuel
consumption. Studies have argued for the extension of the VPR model and the inclusion
of carbon taxes in the total cost model [21] for sustainable transport services [22]. With
the same distance between routes, traffic congestion causes an increase in time and fuel
consumption. Therefore, a linear relation is not adequate for finding travel time, and the
literature utilizes the BPR equation to relate time and speed as per the state of the road,
i.e., traffic congestion [23]. Other considerations that are incorporated into the equation are
the volume and capacity of the road.

In addition to the non-linearity in the travel time of a road, the speed of freight
ships is also a significant parameter that needs to be monitored. For larger intermodal
transportation networks containing hubs and ports, time windows are of significance. For
instance, a 24 h delay in an average freight ship with 4500 TEUs can cost 57,000 euros [24].
The speed of freight ships varies from 10 to 24 knots, which can cause a variation of 50%
in the travel time. Moreover, unlike that of road transportation, the fuel consumption of
container ships varies significantly with their speed. In state-of-the-art research in logistics,
this issue has been discussed separately, and the literature has proposed various simulation
and regression models to accurately measure the optimized speed of a ship and its relation
with fuel consumption [25,26]. However, the issue has not been addressed in intermodal
transportation models. We aim to propose a model that considers the effect of shipping
speed on cost and time.

The highlights of the current work are as follows: (i) the study and analysis of the
transportation network along the new Silk Road spread across Asia and Europe, (ii) the
proposal of a mixed-integer non-linear model for the analysis of a synchromodal trans-
portation network considering time windows and inventory, (iii) the consideration of the
non-linear effect of ship speed and fuel consumption in relation to the transportation time
in the model, (iv) the performance of a sensitivity analysis of the capacities of various
links and the provision of Pareto solutions using cost and time as objective functions, and
(v) the analysis of the roles of various ports, road links, synchromodal transfer options, and
customs operations in the performance of the OBOR initiative.

3. Materials and Methods
3.1. Mathematical Model

We propose a non-linear intermodal transportation network. The model is developed
as a bi-objective problem for the optimization of cost and time. As compared to the single
optimization problem, the bi-objective problem simultaneously tries to minimize the total
travel time and cost by keeping the travel time, transfers, and inventory at the minimum
level. To find the best compromise between these two objectives of time and cost, Pareto
optimal results are produced based on time and cost factors. As the model is developed
for large transportation networks that involve international borders, customs costs and
time are also included in the transportation network. The inventory retained at each node
is calculated and charged with a per-unit cost. The capacities of different transportation
modes are important in such models. Each truck is considered to have a fixed capacity of
one 20-foot container, i.e., one TEU, while trains have a capacity of around 90 containers.
In general, the weight limit of the cargo trains used in Europe is set to be 8 tons per meter.
As the maximum weight for the train to carry is considered to be around 2250 tons, while a
single 20 feet container can carry up to 24 tons, cargo trains without passengers are limited
to 90 containers. The limit is set by considering the load-bearing capacity of standard
European couplers and axle design [27]. Due to these design limitations, unlike in North
America, double-stacked containers are not popular in China or Europe. The capacity of
the ship is limited to 4500 TEUs.

The model was applied to a case study of the One-Belt-One-Road (OBOR) initiative.
This particular case study was adopted due to its significance in global supply chains. The
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OBOR initiative is considered to play a leading role in a sustainable, flexible, and secure
supply chain by providing increased logistical capacity and strengthening cross-border
routing alternatives for oil and goods [28]. The project is considered one of the most
ambitious projects of the century, with investment of USD 4–8 trillion, and it affects 62%
of the world’s population [29]. China, the initiator and main beneficiary of the project,
has become an industrial state with a huge demand for energy, and 77% of its oil imports
are carried through the Strait of Malacca [30]. Several geopolitical issues and congestion
on the route have made this strait less attractive for China and have motivated them to
develop infrastructure for efficient logistics. The project will not only promote trade among
the partner countries, but will also help in the development of infrastructure across the
region. Major cities and ports along this route were identified for data collection. For the
transportation network, nodes i and j were used to describe shipment points, while the
links represent transportation routes between these nodes, which can be rail, ship, or road
links. The transfer times of the model were limited by the speed and distance of the nodes.
As this study comprised logistics across borders, customs time and costs were included in
the model. However, due to data limitations, actual costs and time could not be calculated.

Indices
i,j Set of nodes (i,j = 1, . . . I)
k,l Set of transportation modes (k,l = 1, . . . K)
T Time interval 1, . . . T
M Set of regions for speed limits of mode k
Parameters
TCijk Unit transportation cost per km for node i to j via mode k
TrCkl Unit transfer cost per container for transportation mode k to l
CuCijk Unit customs cost per container for node i to j via mode k
CuTijk Unit customs clearance time per container for node i to j via mode k
Ho Holding cost per unit
TrTkl Unit transfer time from mode k to l
Dit Demand of node i at time t
Cik Capacity of node i with mode k

Speed o f the transportation mode k = Sk =

{
60 i f m = 1

30 else
k = train

Variables
Xijkt Total number of carried goods for node i to j via mode k at period t
Iikt Total inventory for node i with mode k at period t
TTijkt Total travel time from i to j via mode k at period t
dtijkt Departure time for node i to j via mode k at period t
atijkt Arrival time for node i to j via mode k at period t
TrTkl Unit transfer time from mode k to l

yjikt =

{
1 i f transportation mode k is chosen between node i and j in t

0 else

wjikt =

{
1 i f trans f er takes and mode k is chosen between node i and j in t

0 else

min f1 = ∑t∈T ∑i∈I ∑j∈J ∑k∈K TCijkXijkt + ∑t∈T ∑i∈I ∑k∈K ∑l∈L TrCklwiklt + ∑t∈T ∑i∈I ∑j∈J ∑k∈K CuCijkXijkt +

∑t∈T ∑i∈I ∑k∈K IiktHo
(1)

min f2 = ∑t∈T ∑i∈I ∑j∈J ∑k∈K TTijktXijkt + ∑t∈T ∑i∈I ∑k∈K ∑l∈L TrTklwiklt + ∑t∈T ∑i∈I ∑j∈J ∑k∈K CuTijkXijkt +

∑t∈T ∑i∈I ∑j∈J ∑k∈K(dtijkt − atijkt )
(2)
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Subject to:

dt ijkt ≥ at ijkt + TrTkl ∀t ∈ T; i ∈ I; j ∈ I; k, l ∈ K (3)

∑j∈I yijkt ≥ 0 ∀t ∈ T; i ∈ I; k ∈ K (4)

y ijkt= 0 ∀t ∈ T; i ∈ I; j ∈ J; k ∈ K if (i, j) is not linked (5)

I ikt ≤ Cik ∀t ∈ T; i ∈ I; k ∈ K (6)

∑l∈K Wiklt ≥ 1 ∀t ∈ T; i ∈ I; k ∈ K (7)

y jikt+y ijlt ≥ 2 W iklt ∀t ∈ T; i ∈ I; j ∈ I; k, l ∈ K (8)

Iik(t−1) + ∑t′∈T ∑j∈J Xjikt′ = ∑j∈J Xijkt + Iikt ∀t ∈ T; i ∈ I; k ∈ K (9)

t− 1 ≤ t′ + TTjikt′ ≤ t ∀t′ ∈ T (10)

t′ + TTjikt′ = arrival_timejikt′ ∀t′ ∈ T; i ∈ I; j ∈ J for k = Road (11)

ATjikt′t =

{
1 i f arrival_timejikt′ > 0
0 else

∀t ∈ T; t′ ∈ T; i ∈ I; j ∈ J; k ∈ K (12)

∑j∈J ∑t′∈T ATjikt′tXjikt′ ∀t ∈ T; i ∈ I; k ∈ K

TTijk =
dijk

sk
∀i ∈ I; j ∈ I for k = Rail, Sea (13)

TTijkt=
dijk

Sk
×

1 + a

[
Vijkt

Cijk

]b
 ∀t ∈ T; i, j ∈ I; for k = Road (14)

TCK = TCC + TC f + TCm + TCex ∀k ∈ K (15)

TC f k= TTijkt ×
[
0.2525sk

2 − 1.6307sk

]
×
[

Cost o f
f uel
ton

]
∀t ∈ T; i, j ∈ I; for k = Ship (16)

TCijk = TCkdijk ∀i, j ∈ I; k ∈ K (17)

Xijkt,atijkt,dtijkt,TTijkt ≥ 0 ∀t ∈ T; i, j ∈ I; k ∈ K

Iikt ≥ 0 ∀t ∈ T; i ∈ I; k ∈ K

yijkt, wiklt ∈ {0, 1} ∀t ∈ T; i, j ∈ I; k ∈ K; l ∈ K

Equation (1) represents the primary objective function of the model for minimizing
cost. For the intermodal transportation network, the costs, including shipping costs, transfer
costs between various modes of transportation, customs costs between nodes involving
borders, and inventory costs, were included. The secondary objective function requires
the minimization of the time for delivery. This includes the travel time, border-crossing
time, transfer time, and waiting time for the containers. Equation (3) represents the time
windows and ensures that the departure of any vehicle takes place after the arrival in case
there is a transfer at the node. Equations (4) and (5) describe the continuity of a network
where a link is joined with at least one of the transportation modes. Equation (6) ensures
the capacity constraints at any node for keeping the inventory. Equations (7) and (8) are
used to fortify transportation at the link with minimal cost and/or time. Equation (8)
assures that, in case there is no transfer between transportation modes, the transportation
mode arriving at node j is the same as the transportation mode leaving node j. Equation (9)
defines the conservation of mass among the nodes. Equations (10)–(12) are used to update
the arrival times at the nodes, while time is modeled as a step function. Equation (13) is
used to calculate the travel time between the links for rail and sea and is a linear function.
Equation (14) is used to calculate the travel time for road links where b = 4, which makes it
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a non-linear function. This BPR equation is used to consider traffic congestion of a link at
period ‘t’ while taking the volume and capacity of the link into account. Equations (15)–(17)
define the total travel costs of the transportation modes. Here, Equation (16) is used to
calculate the fuel consumption cost of ships, which is non-linearly dependent on their
speed. In logistics, freight ships are considered to be the most economical mode for the
delivery of goods. However, they are also the most time consuming. The models proposed
in the literature do not consider the varying relationship of speed and time for container
ships. For instance, an average freight ship with a capacity of 4500 TEUs travelling at a slow
steaming speed of 10 knots from the port of Shanghai to the port of Rotterdam will take up
to 52 days. However, the travel time can be reduced to 21 days at a speed of 24 knots. The
increase in speed, however, will have an impact on fuel consumption and, hence, travel
cost. We propose a model in order to analyze this relation in order to find the optimal
parameters for freight ships. Instead of a classical distance–cost relationship, the variation
of fuel consumption with the speed of the container ship is considered.

Regarding train speed, two regions were selected in the model. This was considered
to compensate for traffic congestion in the European part of the case study. Due to traffic
congestion on rail networks, the speeds of the trains in the European region are lower.
The average speed was considered in order to calculate the travel time of trucks; however,
it could also be specified with regions. For instance, a lower speed than average could
be assigned to road links in hilly or rural areas. The rest of the constraints are non-
negativity constraints.

3.2. Methodology

In this section, an overview of the data used for the implementation of the model is
discussed. The new Silk Road is considered one of the most important logistics projects
involving international borders across continents. The main route connects Asia and
Europe, starting from China. In addition to the main route, economic belts have also been
planned to further strengthen trade across borders. Among the projects, the China–Pakistan
Economic Corridor (CPEC) is the fastest growing project and connects China with major
ports of the Arabian Sea. The social impact of this corridor is also of significance, since
the region comprises densely populated areas that accommodate more than half of the
Earth’s population. We considered major ports and shipment centers along the route.
Figure 1 represents the selected network modes along the route. Rail, roads, and ships were
considered for the transportation of cargo. For imports and exports of goods from China
to Europe, various routes could be adopted. As the locations of this larger network are
important, major ports and transshipment centers were included in the entire region. The
various locations and links are shown in Figure 1, along with their distance information.
The major cities and ports of China that are involved in manufacturing were included in the
network. The major manufacturing and logistical hubs located in western China include
Shanghai, Guangzhou, and Tianjin. These ports are open for international ships and have
access to the ocean, and Shanghai is the world’s busiest port. The ports of Guangzhou and
Tianjin were considered in this case study, as these are the largest ports in southern and
northern China, respectively [31,32]. With the development of the new Silk Road and the
CPEC, China aims to develop southern and northern China to address poverty in these
regions. For the case study, only the existing connections between nodes were considered,
and planned logistics infrastructure was not taken into account. The distances between
these nodes were taken from existing highway information and are shown in Table 1.
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Figure 1. Transportation routes on the maritime Silk Road and the OBOR initiative. Route (1):
Halkali–Wien–Duisberg; route (2): Gwadar–Mersin Port; route (3): Baku–Tbilisi–Kars; route (4):
China–Europe Train; route (5): Almaty–Bishkek–Tehran; route (6): Moscow–Beijing Train; route (7):
Trans-Serbian Railway; route (8): China–Malacca Strait–Rotterdam.

Table 1. Highway links in China.

Route Highway Distance

Guangdong→ Khorgos G30 4852 km

Zheijing→ Khorgos G7 4879 km

Dongbei→ Khorgos G7 4122 km

Tianjin→ Khorgos G7 3538 km

Shanghai→ Khorgos G7 4621 km

Hubei→ Khorgos G30 3830 km

Hubei→ Shanghai G50 1053 km

In this case study, China was considered as the starting point from Asia, and in Europe,
the important logistical hubs of Rotterdam and Cologne were considered. Rotterdam is
the largest port in Europe, and it is linked with Germany and the rest of Europe through
Cologne. Shipments between Asia and Europe can be made with a block train between
China and Germany by crossing through Kazakhstan. The ports of Almaty and Khorgos in
Kazakhstan play a significant role in the network. From the point of Tole-Bi in Almaty, the
goods can be delivered via Russia or Asia. Khorgos is located at the border of China and
Kazakhstan and connects landlocked Kazakhstan to the rest of the world. It is expected
to be the world’s largest dry port with a capacity to handle 30 million tons of freight
per year. Figure 2 depicts all nodes considered in the present study for synchromodal
transportation. All of these nodes are shown in Table 2. In the next subsection, we will
discuss the transportation processes in detail, along with the parameters and constraints
considered in the model.
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Figure 2. Intermodal transportation nodes of the OBOR initiative.

Table 2. Transportation nodes for the case study.

1 Shanghai 12 Kashgar 23 Moscow

2 Tianjin 13 Khunjerab 24 Duisberg

3 Hubei 14 Khorgos 25 Tbilisi

4 Guangzhou 15 Ashgabat 26 Bishkek

5 Zheijang 16 Almaty 27 Tashkent

6 Dongbei 17 Aktau 28 Tehran

7 Tianjin 18 Baku 29 Istanbul

8 Urumqi 19 Kars 30 Mersin

9 Turkmenbasi 20 Quetta 31 Rotterdam

10 Lahore 21 Peshawar

11 Karachi 22 Gwadar

3.3. Experiments

As air logistics contribute only 1% of the volume of the total trade, we considered
ship, rail, and road as modes of transportation in the network. The tests were performed
by implementing the mathematical model in Matlab R2015a with an integer solver. One of
the main objectives was to minimize the total travel time between the demand and supply
nodes. In addition to the actual travel time, other elements that contribute towards the
total time are customs clearance time, holding time at the node, and transfer time from
one to another mode of transportation at the node. The average customs clearance time
used for the model was based on customs reports [33]. For the transfer times, a binary
decision was used in the model. As transfer times are not considered mode-specific [34],
average transfer times per container were utilized [35]. The actual travel time is limited
by the speed of the selected transportation mode. For the cargo trucks, the average speed
of 80 km/h was considered for the shipments. However, to consider the effects of the
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capacity of the roads and volumes on node links, the BPR equation was used, which
made the model non-linear. Analyses of constants a and b in the BPR equation were
conducted in the literature. The equation was first developed for freeway flow speed by
using the mean speeds and capacities of vehicles. A new modified equation proposed by
Spiess [36] was able to generate traffic flow equilibrium results that were more reliable.
Dowling et al. [37] performed a comparative analysis of various models proposed in the
literature and suggested a value of 4 for parameter b, thus making the BPR a 4th-degree
equation. Many researchers have tried to linearize the problem by using relaxation methods.
In a study by Resat and Turkay [35], both values of the constant b were used for the
intermodal transportation problem for a case study inside the Marmara region. The error
was found to be less than 5% for the linear and non-linear cases.

To calculate the travel times by train, two speeds were used for the case study. It was
observed that in the Asian zone, the average speed of trains was higher compared to the
average speed in the European region. Across China and Russia, the average speed was
taken to be 60 km/h, while for Europe, the speed limit was reduced to 30 km/h [38]. The
train network is more congested in Europe, and thus, traffic congestion causes the average
speed to be slow. Transfer costs are only accrued when a transfer from one to another
mode of transportation happens, with some exceptions. A block train is used to transfer
shipments between China and Russia through Kazakhstan, but a transfer takes place
between China and Kazakhstan at the point of Almaty. This is because of the difference
in train track gauges. Chinese trains use a standard gauge of 1435 mm, which is the most
widely used gauge in the world, including Europe [39]. On the other hand, Russian gauges
are 1524 mm, making this transfer necessary.

Container ships are considered the most economical way of delivering goods. The
fuel costs of a ship constitute the most significant cost of voyages [40]. The fuel consump-
tion of a ship depends on various factors, such as the type of fuel, engine type, ship size,
etc. However, vehicle speed plays the most important role in determining the fuel con-
sumption of a ship [41]. The speed is generally measured in knots (1 knot = 1.8 km/h)
and ranges from 10 to 25 knots. Container ships, on average, travel at a slow steaming
speed range of 15–20 knots, while minimal cost can be obtained in the speed range of
10–12 knots. However, even a slight change in the ship’s speed can affect fuel consumption.
For example, changing ship speed from 24 to 21 knots can reduce fuel consumption to
33% [42]. Researchers have made various efforts to predict the optimal speed of a container
ship by taking various factors, such as ship size and engine power, into account [43]. In
another study [44], it was observed that static analysis is not sufficient to determine the
optimal ship speed, and a dynamic analysis that also accounts for weather changes along
the route should be performed. However, none of the studies discussed the relation of
a vessel’s speed with fuel consumption in intermodal transportation models. Classical
formulas used to calculate the fuel consumption of the ships did not consider the weight
of the ship. For the present case, a modified form of classical formula was used, which
considered the effects of dynamic weather changes and the weight of the ship [45]. The
fuel consumption was calculated against an input vessel speed and was multiplied by the
total travel time to obtain the total fuel consumption. For the calculation of the cost, cost
parameters were obtained from a UAPS report in the form of unit cost for fuel, maintenance,
and other considerations. In the next section, the results of the experiments performed will
be discussed in detail.

4. Results and Discussion

We ran tests to obtain Pareto solutions for the time–cost trade-off problem. The
ε-constraint method [46] was used to obtain the solutions for the linear and non-linear
cases. Figure 3 represents the Pareto extreme solution obtained for the linear case. In
previous cases of intermodal transportation [35], the error was found to be less than 5%;
hence, our approach uses the linear case to obtain these non-dominated solutions. The
existing case study is spread across a larger network. The main focus was the OBOR
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corridor and the transfer link from China to Europe. In particular, Germany was selected
as the final destination, since it shares the largest import costs with China [47]. In order to
explain this, we explain some of the solutions obtained in the non-dominated Pareto front.

Figure 3. Pareto results with the linear model.

The traditional maritime Silk Road from China to Europe takes 38–40 days with a
shipping speed of 12 nautical miles and appears to be the most cost effective. However,
in addition to passing through the Strait of Malacca, this route also faces the challenge
of passing through the 193 km Suez Canal, where the speed limit is reduced to 8 knots.
Moreover, the canal also imposes limits on the sizes of ships. The results were obtained
by using an average ship with 4500 TEUs. Another solution provides the shortest travel
time with the use of a block train from China to Europe via Kazakhstan and Russia, but the
transfer time to account for the different gauges used for the train tracks and the customs
clearance time make this option less attractive. Moreover, due to poor infrastructure and
security reasons, the average waiting time of 3–15 h at the Almaty dry port needs to be
considered. The travel time in this case is reduced to 37 days. One interesting solution is
the use of the CPEC between Pakistan and China. The port of Gwadar is used to transfer
shipments to Mersin and Istanbul, from which they are then transported to Europe via
trucks and freight trains. Among all these options, it is assumed that there would be no
ship delays, as a 24 h delay in transshipment via container ships is said cost EUR 57,000.
Figure 4 depicts the most interesting alternative routes, while details on the routes are
provided in Table 3. It should be noticed that the total travel time does not include the
customs clearance time or transfer time between modes. The best solution seems to use
the Baku–Tbilisi–Kars (BTK) train network, which is another megaproject of the OBOR
initiative. The shipment is received at Baku from the dry port at Aktau via the Caspian
Sea. However, it should be pointed out that these routes were investigated by considering
a shipment of 1 TEU, which can be carried by an individual truck. However, in the case
of larger amounts of cargo, multiple trucks would be required to carry the cargo, thus
resulting in higher costs. For such deliveries, the maritime Silk Road or the block train
seems to be a more feasible option. Another rail link from Gwadar to Tehran and Istanbul
via the point of Gulburaq is proposed, as it can provide minimal travel time.
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Figure 4. Synchromodal routing options.

Table 3. Time/cost analysis for routing options.

Border Crossings Mode Transfer Total Distance Total Time
(without Transfers)

Route 1 5 2 (road-ship-road) 15,384 km 21 days

Route 2 7 3 (road-ship-train-road) 13,100 km 11 days

China-Europe Block train 5 2 (train gauge change) 13,000 km 20 days

Maritime Silk-route 1 1 (ship-train) 22,500 km 52 days

R-3 (Suggested) 6 1 (train-road) 13,500 km 9 days

Another experiment was carried out to perform a sensitivity analysis of the effect of a
change in the speed of a ship on the total cost. Figure 5 presents the results obtained from
the experiment. As discussed, in contrast to trucks, cargo ships have a major influence
on cost with the change in speed. This is also because the weather and the weight of a
ship vary significantly on the route and influence the fuel consumption. The speed of the
ship was varied from slow steaming at 10 knots (18 km/h) to a normal speed of 24 knots
(45 km/h). The speed of the ship was observed to have a non-linear relation with the cost
function, with a fourfold increase in costs.

Figure 6 presents the results obtained from the experimental analysis conducted to
investigate the impact of increased capacities of selected major ports on the cost function.
The literature suggests that there is a significant impact of port capacity and performance
on logistical costs [48]. The purpose was to perform a sensitivity analysis of the effects of
possible increases or extensions in existing ports on the total costs, including inventory
costs. The capacity of the selected ports was increased by up to 30 percent, and it was
observed that the port of Karachi seemed to be affected the most by the increased capacity.
However, it must be kept in mind that the increase in capacity of every port included in the
analysis is not possible due to the geographical situation and the urban populations near the
ports. However, the port of Gwadar, which is in partial operation after the developmental
work on the CPEC, has major potential for capacity increase.
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Figure 5. Ship speed vs. fuel consumption.

Figure 6. Selected port capacity vs. cost.

5. Conclusions

The current study proposes a multi-integer bi-objective mathematical model in order
to gain a deep understanding of the OBOR network and to investigate the potential of
a synchromodal transportation network in a supply chain network that spreads across
continents. The motivation for the adopted case study was its potential impact on efforts for
creating a sustainable supply chain network that is robust and flexible. The traditional Silk
Road through the Malacca Strait and the Suez Canal imposes limitations on trade between
China and Europe. Moreover, this detailed network analysis provides alternatives for
fulfilling demand in peak hours, thus providing a risk mitigation strategy. For a sustainable
supply chain, intermodal transportation needs to be considered for various shipment sizes.
In addition to the new Silk Road, the CPEC and other economic zones were included in
the investigation. The suggested routes depict shorter distances and lower costs. However,
customs clearance and transfer times cause a huge negative impact on the lead times. A
suggested rail link between Pakistan and Turkey via Iran can reduce travel time to 9 days
from China to Germany. Another major advantage in this proposition is that this route
passes through the most densely populated countries of Asia, thus providing potential for
creating economic zones and expanding markets for traders. The current investigation,
however, is limited, as it does not consider the actual customs clearance times at each
border, as they vary with the ease of doing business. For future work, consideration of
carbon emissions should be included in the objective function. Moreover, the effect of the
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size of the cargo in TEUs should be analyzed in order to evaluate appropriate routes with
various shipment sizes and real time data.
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