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Abstract. There is a strong political focus on moving cargo transporta-
tion from trucks to ships to reduce environmental emissions and road
congestion. We study how the introduction of a future generation of au-
tonomous ships can be utilized in maritime transportation systems to
become more cost-efficient, and as such contribute in the shift from land
to sea. Specifically, we consider a case study for a Norwegian shipping
company and solve a combined liner shipping network design and fleet
size and mix problem to analyze the economic impact of introducing
autonomous ships. The computational study carried out on a problem
with 13 ports shows that a cost reduction up to 13% could be obtained
compared to a similar network with conventional ships.
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1 Introduction

The maritime shipping industry is experiencing a development towards the uti-
lization of autonomous ships that will have a different design than conventional
ships. With no crew on-board, it will not be necessary to have a deckhouse
nor accommodation. The resulting saved space and weight can be used to carry
more cargoes. In addition to the operational cost reduction, autonomous ships
offer ecological advantages as they reduce fuel consumption and carbon diox-
ide emission. However, international regulations per today lead to challenges in
introducing fully autonomous ships, but conversely, Norwegian regulations set
few limitations for utilizing autonomous ships nationally. For instance, Norway
can be seen as a leading country within autonomous ship technology. Two Nor-
wegian companies, Kongsberg Maritime and Yara, developed one of the world’s
first commercial autonomous ship, Yara Birkeland. This motivates the develop-
ment of a shipping network based on mother and daughter ships that utilize
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advantages of hub and feeder networks, where conventional mother ships sail in
international waters, while autonomous daughter ships sail in national waters
and tranship the cargoes with the mother ships.

This concept of conventional mother and autonomous daughter ships is in this
paper applied on a case study for a Norwegian shipping company that transports
containers between Europe and several ports along the Norwegian coast. The
aim is to determine an optimal liner shipping network design (LSND) and the
optimal fleet of vessels to be deployed in terms of number and size, as well as
the route to be sailed for each vessel so that ports demand and weekly services
are satisfied. To study the economic impact of introducing autonomous ships,
we first solve this problem with only conventional ships and compare this to the
solution where daughter ships are autonomous.

Several research studies have been conducted for developing different versions
of LSND problems, see for example [1], [2], [3]. More recently, Brouer et al. [4]
develop a base integer programming model and benchmark suite for the LSND
problem. This model is extended by [5] to include transit time. Karsten et al. [6]
base their article on the contribution of [5] and propose the first algorithm that
explicitly handles transshipment time limits for all demands. Wang and Meng [7]
consider an LSND with transit time restrictions, but the model does not consider
transshipment costs. Holm et al. [8] study a LSND problem for a novel concept
for short sea shipping where transshipment of daughter and mother ships is
performed at suitable locations at sea.

In the following, we describe the LSND problem for the Norwegian case study
considered in this paper in more detail, followed by a description of the proposed
solution methodology, the computational study and conclusions.

2 Problem description

The problem is considered from a shipping company’s point of view, operating a
fleet of mother and daughter ships in a transportation system. The mother ships
sail on a main route between ports in Europe and the Norwegian coastline. The
daughter ships are autonomous and sail along the Norwegian coastline, serving
smaller ports. The objective is to study the economic impact of introducing
autonomous ships in the liner shipping network.

Ports are classified into main and small ports according to their size and
location. Main ports are large ports and placed along the Norwegian coastline
and can be served by mother ships and daughter ships. Small ports are not
capable of docking a mother ship, and hence, can only be served by daughter
ships. The small ports act as feeder ports, and the main ports can act as hubs.
Furthermore, the continental port is the departure port of the mother ships and
is located on the European continent.

The mother ships sail between the European continent and selected main
ports, referred to as main routes. It is assumed that there is only one mother
route. To maintain a weekly service frequency, several mother ships can be de-
ployed on the main route. Also, mother ships sail on southbound journeys, i.e.
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they start by serving the northernmost Norwegian port, then serve other main
ports located further south. The daughter ships sail between ports located along
the Norwegian coastline and the routes are referred to as daughter routes. One
daughter ship can be deployed on a daughter route, and hence, the duration of
a daughter route cannot exceed one week. It is possible that a main port is not
visited by a main route. In such a case, a daughter route must serve this port.

The fleet size and mix are to be determined in the problem. The fleet of
daughter ships is heterogeneous, meaning the ships can differ in capacity and
corresponding cost components. The fleet of mother ships is homogeneous, and
their size should be sufficient to transport all cargoes of the system. The aim
is to create a network of main and daughter routes such that the total costs of
operating the container transportation system are minimized.

3 Solution Methodology

To solve the underlying problem, a solution methodology is proposed based on
two steps. A label setting algorithm is developed to generate candidate routes.
These are taken as input in a mathematical model to find the best combination
of routes while minimizing costs.

1st Step - Route Generation: A label setting algorithm is used to generate all
feasible and non-dominated mother and daughter routes.

The main routes are deployed by mother ships and start and end at the main
continental port. A stage of mother route generation corresponds to a partial
route that starts with the continental port and visits main Norwegian ports.
This partial route is extended to visit another Norwegian port not previously
visited or to return to the continental port. However, since main Norwegian
ports are visited during the southbound journeys, the extension is only allowed
to visit a port located further south. Furthermore, there is no time restriction
on the main routes, meaning that a partial route can be extended to any main
port located further south. To guarantee a weekly service, the number of mother
ships that are deployed on a main route is proportional to the number of weeks
the completion of the route takes.

A daughter route differs from a mother route and can include both main
ports and small ports. The starting and ending port of a daughter route is called
transshipment port. A partial daughter route can be extended to any main or
small port. The extension is limited by the route time, which must be completed
within one week. Also, the number of containers on board a daughter ship cannot
exceed its capacity. In a case where two partial routes have the same visited ports
but in a different order, the partial route with a lower number of containers on
board and fuel cost dominates. By doing so, a set of feasible and non-dominated
daughter routes is generated.

2nd Step - Path-flow Based Formulation: Due to the space limitation of this
manuscript, only a verbal description of the mathematical model is given. The



4 Msakni et al.

input is a set of mother and daughter routes with their corresponding weekly op-
erational costs. The binary decision variables decide on the mother and daughter
routes to take up in the solution. The objective function of the 0-1 integer pro-
gramming model minimizes the total costs of using a fleet of mother and daughter
ships of the network. One set of constraints enforce that each main port must
be visited by either a daughter or a main route. Another set of constraints en-
sure that each small port is served by a daughter route. A further constraint
is used to select only one main route. A final set of constraints establishes the
transshipment relation between main and daughter routes.

4 Computational Results

The test data consists of served ports by the liner shipping company in Norway.
In total, there are 13 ports located at the Norwegian coastline and one main
continental port located in Maasvlakte, Rotterdam. The cargo demand to and
from Rotterdam for each port is provided by the company. This constitutes the
normal demand scenario from which two additional scenarios are derived. The
second (high) scenario reflects a 40% increase in demand. The third (very high)
scenario represents an increase of 100% of demand.

Table 1. Conventional and autonomous daughter ship types with corresponding ca-
pacity, fuel consumption and weekly time charter cost.

Conventional Autonomous

S M L S M L
Capacity [TEU] 86 158 190 86 158 190
Fuel consumption [tonnes/hour] 0.101 0.114 0.123 0.085 0.097 0.107
Weekly time charter cost [USD] 25 30 35 9.7 15 20.2

The capacity of the mother ships can be determined a priori by taking the
maximum of the total number of containers going either from or to Rotterdam,
which corresponds to the maximum of all containers loaded at a ship at any
time. For this case study, the capacity equals to 1000 TEU (twenty-foot equiv-
alent unit) is considered for normal and high demand scenarios. The speed of
the mother ships is set to 12 knots, which requires an average fuel consumption
of 0.61 tonnes/hour. The weekly charter cost is estimated to 53,000 USD. Con-
versely, the very high demand scenario requires 1350-TEU with 0.69 tonnes/hour
for fuel consumption and a charter cost of 54,000 USD.

Similar ship capacities are considered when comparing an LSND with au-
tonomous daughter ships to an LSND with conventional daughter ships. In total,
three different ship types are selected with capacities of 86 TEU, 158 TEU, and
190 TEU, and referred to as small S, medium M and large L. daughter ships,
respectively. Table 1 gives the cost parameters for autonomous and conventional
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daughter ships. The costs for autonomous ships are estimated with the guidance
of a naval architect from SINTEF Ocean. As it can be seen, autonomous ships
have smaller costs because they are smaller than conventional ships (no bridge
nor accommodation are required) and do not require crew on board. Finally, the
selected speed for both autonomous and conventional ships is set to 8 knots.

The route generation procedure has been implemented using MATLAB ver-
sion R2018a, 64-bit. The mathematical model has been implemented with the
commercial optimization software Xpress-IVE version 1.24.24 64-bit, with Xpress
Model Version 4.8.3 and Xpress Optimizer Version 33.01.02.

Table 2. Results of the liner shipping network design solved with conventional and
autonomous daughter ships for the case study with 13 ports.

Normal High Very High

Conv. Aut.  Conv. Aut.  Conv. Aut.

Total op. costs [k USD] 329 297 399 353 591 515
Fuel cost [k USD] 45 45 46 45 50 48
Time charter costs [k USD] 171 140 196 151 317 242
Cargo handl. Costs [k USD] 111 111 155 155 222 222
Port costs [k USD] 2 1 2 2 2 3
Fleet of daughter ships 1M, 28, 4 M, 4 M,
1L oim 3M3M 1L 1L

Fleet of mother ships 21 21 21 21 311 311
Nr. main routes 15 15 15 15 15 15
Nr. daughter routes 1553 1553 585 585 221 221
Total solution time [sec.] 6 6 6 4 4 4
Route generation [sec.] 5 5 5 4 4 4
Master problem [sec.] 1 1 1 <1 <1l <1

Table 2 presents the results of solving the LSND problem with conventional
and autonomous daughter ships. The total operating costs, with the correspond-
ing cost components, are listed, together with the daughter fleet composition,
the number of routes generated, and the solutions times. For the fleet compo-
sition, small daughter ships are denoted by S, medium by M and large by L.
The mother ships deployed for normal and high scenarios are with 1000-TEU
capacity and denoted by I, whereas very high scenario requires a larger vessel
with 1350-TEU capacity denoted by II. The route generation time is the sum of
the route generation time for both main and daughter ships.

As can be seen from Table 2, the number of daughter routes decreases as the
demand increases, which is due to the ship capacity restriction of the generated
routes. On the other hand, the normal demand scenario shows that the fleet
of autonomous daughter ships is larger with smaller ships than the correspond-
ing conventional daughter fleets. This effect is caused by the decrease in cost
components for the autonomous ships, and in particular the time charter costs,
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which motivates the use of autonomous daughter ships in short sea shipping.
Indeed, the reduction of the total operational costs is 9.7% for normal demand
and reaches up to 12.9% for very high demand scenario.

5 Conclusion

This paper studies the introduction of autonomous ships to a liner shipping
network design problem on a Norwegian case study. The liner shipping network
consists of a single mother route that sails from a European port to main ports
at Norway and daughter routes that do transshipment at main ports to serve
small ports (and also main ports not visited by the main route). The problem is
solved for a liner shipping company using a path-flow mathematical model. The
results show that a reduction between 9% and 13 % in operating costs can be
obtained by utilizing autonomous daughter ships.
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