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Abstract 

Objective:  This study investigates the implementation of the waterborne platooning transport concept in two of 
the largest European inland navigation corridors, the Rhine and the Danube region. Each region has different geo-
economic and environmental features. These features are compared, and their effects on implementing a waterborne 
platooning transport concept are studied. The waterborne platooning concept, referred to as the Vessel Train, aims to 
reduce crew cost by automating the navigation tasks and moving the navigational responsibility to the leading vessel 
of the platoon, which is fully manned.

Methods:  The implementation of the Vessel Train is assessed by making use of a developed model, which allows the 
assessment of the concept’s viability by comparing the annual cost per transported ton of a reference vessel that sails 
individually to a vessel that sails as a part of a VT on the same route.

Results:  The results conclude that the application of waterborne platooning on the Rhine is more promising than on 
the Danube. The low wages hamper the implementation of the concept on the Danube in the region, the low traffic 
density on the waterway, and the common use of large push tows instead of self-propelled vessels.

Implications for research:  As determined in the analysis for the Rhine case, a reduction in transport cost would 
make waterborne transport more attractive. However, other factors, such as the further integration of the VT in the 
overall supply chain, play a role in the successful implementation of this IWT transport concept. Applying the VT 
concept in the Danube case requires more potential cargo flows, which can be obtained by adding push convoys 
into the vessel train. This way of transport is more numerous on the Danube than self-propelled vessels. Both of these 
aspects should be studied further.
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1  Introduction
An innovative transport system is being developed by the 
NOVIMAR project [38] that aims to enhance waterborne 
transportation in different areas in Europe through crew 
cost minimization. It aims to do so via the Vessel Train 
(VT) concept that is a platoon of self-propelled vessels.

1.1 � The VT concept
A VT consists of a fully manned Lead Vessel (LV) 
equipped with navigation and control systems. It takes 
over situational awareness and navigation responsibil-
ity for the vessels following it while they sail in the pla-
toon. This means that this transfer of navigational tasks 
from the Follower Vessel (FV) to the LV enables crew size 
reduction, allowing vessel operations with smaller crews 
and contributing to a cost reduction.

The VT service is comparable to that of a train that has 
a predictable itinerary. In this article’s assessment, these 
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operational conditions are achieved by setting a regu-
lar liner departure schedule on a predefined stretch of 
waterway. It allows the users to join/leave the train at a 
point of their choice.

The departure intervals, together with a VT, a potential 
lower operating speed, increase voyage times for the VT 
user. This lower operating speed is caused by the fact that 
the speed of VT is determined by the vessel with the low-
est operational speed, causing other vessels to slow down 
while operating in the VT. The VT concept can only work 
if the cost of the VT control system and the cost created 
by these increased voyage times do not outweigh the 
savings that are achieved by the crew reduction. More 
information and details regarding the VT can be found in 
NOVIMAR [38].

1.2 � Background
As advocated by Sys et al. [45], sustainability is becoming 
increasingly important in the transport sector and thus 
also in the European inland navigation sector. Therefore 
different policy packages have been developed to make 
the inland navigation sector more competitive against 
other modes of transport so that there would be an 
increase in its market share. However, the ton.km per-
formed by the inland navigation sector is even decreasing 
in absolute terms (especially the dry bulk sector in west-
ern Europe), and also its market share is diminishing [22].

One of the reasons for this relatively poor performance 
of the IWT sector could be due to the fact that it is due 
to different barriers. Rogerson [43] identified, via a litera-
ture study, them as regulatory, financial, service quality, 
and market characteristic boundary conditions. Next to 
these barriers also the relative poor ecological perfor-
mance of the IWT sector is mentioned. Caris et al. [10] 
also identified that a lack of good integration of IWT in 
the supply chains is one of the reasons for its poor perfor-
mance. These factors also play a role in the mode choice 
of a shipper, next to generalized transport cost.

In order to overcome (some) of the above-mentioned 
challenges, researchers also have looked into the appli-
cation of alternative waterborne concepts in different 
operating corridors. Charles [11] demonstrates under 
which conditions sea-river vessels are more efficient than 
“barge + short sea” solutions, as they can avoid seaport 
transshipment and hence can lower transport costs. Kon-
ings and Ludema [31] focus on the restrictions that river 
conditions impose on the use of sea-river ships and sug-
gest a solution that makes use of specially designed push 
barges to face these limitations. They assess the competi-
tiveness of the concepts for the UK- Germany corridor 
and compare it to other modes of transport. These two 
cases show the possible larger application area of the VT 
concept.

Another challenge facing the IWT sector is the lack of 
skilled crew members. The labour shortage in the (west-
ern) European IWT sector is growing. It will be rather 
more challenging to replace the aging crew of the Rhine 
fleet with human crews [48]. The level of conservatism 
can be relatively high. Existing operators and other actors 
will doubt the safety and reliability of all the newly devel-
oped technologies.

Therefore, technology that will allow vessel operations 
with fewer crew members could not only be seen as a 
(transport) cost-saving development but also as a way to 
deal with a smaller pool of crew members. The VT tech-
nology could allow vessel operations with a smaller crew. 
The VT operations could therefore be seen as an inter-
mediate step between current operations of the inland 
vessels and full autonomous inland vessels.

Waterborne platooning has so far been researched 
by Chen et al. [12–14], studying the application of the 
principles for autonomous vessels. Meersman et al. [35] 
researched the semi-autonomous application of the VT, 
presenting direct and societal costs. It provides a vari-
ety of different scenarios in which the FVs could choose 
to join the VT for individual trips. Colling and Hek-
kenberg [15] and Colling et al. [16] additionally address 
the waiting time created by the VT implementations, 
as well as the VT benefits created by exploiting differ-
ent operating modes and the effects of imposing a VT 
operating speed. The research presented in the pre-
sent article builds on this research by identifying dif-
ferences in the VT success factors requirements when 
the concept is implemented in a different geographical 
area. A similar approach has been done by Notteboom 
et  al. [37], in which they compare the container barge 
networks of the Yangtze river and the Rhine. Similar to 
the comparison in this article, they have identified geo-
graphical/nautical and macro-economic aspects, but 
also governance factors that influence the development 
of the inland sector and the associated inland ports in 
the respective region.

1.3 � Research focus
The research focus of this article is to demonstrate to 
what extent the VT’s implementation needs can be met 
in different geographical areas, namely the Rhine and 
the Danube corridor. It follows up on the existing studies 
Colling and Hekkenberg [15, 16] by adding environmen-
tal factors and emphases geo-economic condition adap-
tations for the VT concept. The main questions answered 
are:

•	 What are the most important geographical and geo-
economic impact factors affecting the implementation 
of the VT?
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•	 How do these factors differ for the Rhine and the Dan-
ube inland navigational corridors?

•	 What are the resulting viability requirements of the 
VT implementation for the respective regions?

The structure of this article is organized into six sec-
tions. Section 2 is a literature review, gathering corridor 
feature data. Section  3 provides a brief summary of the 
assessment method to identify the viability requirements 
for an application of the VT. All specific input data for 
the case studies are provided in Sect. 4; before presenting 
the case studies, sensitivity analysis and viability require-
ment results in Sect. 5. Lastly, the article is rounded up 
with conclusions and discussion in Sect. 6.

2 � The Rhine and the Danube corridors
This section first discusses the differences of geographi-
cal river characteristics and environmental effects 
between the Rhine and the Danube corridor. The main 
reason to discuss these two regions is due to the fact 
that observed from the research performed since the 
end of the Cold War has identified the rift that the era 
has caused the development of the transportation sec-
tor in both European regions, such as discussed by Hall 
[27]. Furthermore, historical differences have caused 
the business structure and types of vessels used for 
waterborne freight transport to develop differently in 
the South-eastern European inland corridors and the 
Central European in terms of business structure and 
traffic density.

Then the focus is shifted to geo-economic and geopo-
litical differences. The results from this section will be 
used to define case studies for a quantitative compari-
son in Sect. 5.

2.1 � Corridor differences for the VT deployment
2.1.1 � Crew requirements and wages
A clear difference between wages in Rhine and Danube 
countries can still be identified today in both the inland 
waterway cruise sector [20], and in the freight transport 
sector [19]. These wages are relevant for the VT concept 
since the crew cost reduction is one of the main eco-
nomic benefits of the concept, where, if the crew wages 
are low, the main direct economic benefit of the VT con-
cept will be small because only a small amount of direct 
cost for the vessel owner can be saved.

There are no uniform European-wide regulations that 
identify the size and composition of crews. This usually 
falls under the responsibilities of the states in which the 
vessels are sailing [19]. While for the Rhine the CCNR 
provides guidelines [7], the Danube Countries follow the 
guidelines provided by UNECE Resolution No. 61 [46]. 

Both these have nearly identical minimum crew require-
ment and classify the vessel operations into the three 
operating regimes A1, A2 and B. The minimum crew 
requirements for the two extreme sailing regimes and for 
two different vessel classes are summarised in Table  1. 
When comparing the minimum crew requirements at 
the two operating regimes and it is considered that two 
crew rotations work on a continuously operating vessel, 
a reduction of up to four crew members can be achieved 
by moving the crew requirements from a B regime to an 
A1 (Fig. 1).

One final crew-related difference that the two regions 
present is the type of employee. On small family-owned 
vessels, most of the employees are family members. At 
times, an external crew member is hired to allow opera-
tion at an enhanced operating regime. On the Danube, 
the employees tend to be mobile workers, whose stay on 
the vessel is temporary. In either case, there currently is 
a shortage of skilled workers on inland vessels [5]. On 
the Rhine the average age of qualified captains is rising, 
causing a lack of young, highly skilled boat masters that 
could take over small family businesses [18]. While on 
the Danube, the mobile workforce increasingly leaves for 
employment in the Rhine region to obtain higher wages 
[19].

The personnel cost in countries along the Rhine are 
similar and lie, on average, around €40.000 per person 
per year. The personnel costs from Danube countries 
are approximately 80% lower, with an average of around 
€8.000 per person per year, as illustrated in Fig. 2. The 
here provided annual cost per person are averages 
across all roles. The crew cost can sgnificantly vary 
between roles, which has an effect on the VT savings. 
More detail of the cost of specific crew roles is provided 
in Sect. 4.4.

Table 1  Minimum manning requirements

The first bold numbers are the total crew members that are required according 
to the current regulations. The second bold line deals with the possible crew 
reduction if the VT technology is applied

Role Class V Class IV

A1 B A1 B

Boat master 1 2 1 2

Helmsman 1 1

Boatman 1 1 1

Apprentice 1 1 1 1

Total Required crew size 3 5 3 4
Annual crew size reduction by 
implementation of VT technol-
ogy

0 4 0 2
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2.1.2 � Cargo volume and fleet composition
Another difference between the Rhine and the Danube 
corridor is the cargo volume, which also dictates the 
number of vessels used. The Rhine has by far the largest 

Rhine Corridor

Danube Corridor

Fig. 1  Map of the Rhine and Danube corridors
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Fig. 2  Average annual personnel cost per person (2016). Source: (1) CCNR, 2019 (2) *statistical Office of the Republic of Serbia 2019

Table 2  Quantity of goods transported (× 1000 t)

Source Danube Commission (2017)

Countries Import/export National

RO 10,399 14,697

BG 2876 1695

RS 6128 862

HR 453 0

HU 2072 200

SK 1879 36

AT 6276 609

13%
5%

77%

5%

Danube Fleet (2016)

57%
21%

20%

2%

Rhine Fleet (2009)

Fig. 3  Fleet composition of self-propelled vessels and barges. Source: 
(1) Danube fleet : Danube Commission, 2017. (2) Rhine fleet: Beelen, 
2011
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cargo volume transported along its length with about 186 
million tons in 2017. Only about 10% of the European 
inland waterway transport, 39 million tons (2017), goes 
via the Danube [18].

The flows of goods on the Rhine are both regional and 
international. On the Danube however, most of the goods 
are moved internationally up the river. As can be seen 
from Table 2, only Romania makes significant use of the 
river to move goods nationally.

The development of the VT concept currently targets 
only self-propelled vessels, even though a large number 
of inland vessels are barge convoys.1

The active fleet size on a corridor can be estimated 
using the records of numbers of ships entering ports and 
locks [18]. The Danube fleet is estimated to be composed 
of approximately 2700 vessels and barges [17]. In con-
trast, the Rhine fleet is composed of about 8200 vessels 
and barges [4]. Figure  3 emphasizes the distribution of 
the difference in the types of vessels used. The large oper-
ators on the Danube mainly ship dry bulk on long-term 
contracts and often make use of barge convoys. Smaller 
companies are left serving the niche markets and short-
term contracts [40]. Only around 480 vessels, 18% of the 
fleet, are self-propelled. This share gradually increases as 
the barges get decommissioned and are replaced by sec-
ond hand self-propelled Rhine vessels [3].

The Rhine fleet composition contrasts that of the Dan-
ube, as there about 78% of the vessels are self-propelled, 
6400 vessels [4]. Additionally, the liquid cargo market is 
significantly larger. The 17 million tonnes of container 
goods moved in 2017 make up a fairly small segment of 
the market, however one that holds a lot of potential to 
be able to compete with other modes of transport [9]. 
Nearly all container transport is performed on the Rhine; 
the Danube region has very little waterborne container 
transport.

2.2 � Corridor differences of other influence factors
2.2.1 � Geographical and environmental
Differences in nautical standards in the respective cor-
ridors have had an effect on waterborne transportation 
efficiency. The Rhine has been a regulated waterway for a 
long time, ensuring it meets the needs of the IWT sector. 
It has only been in recent years that investment has been 
pushed into the Danube region so that it can comply with 
2013 regulations on aspects such as waterway dimen-
sions, minimum draught and bridge height requirements. 
This compliance is, however, not expected to be met until 
2030 [21].

2.2.1.1  River dimensions and  tributaries  The Dan-
ube has 2415 km of navigable length and it is 2.7 times 
longer than the navigable stretch of the Rhine that spans 
over 885  km. The mean transport distance of goods on 
the Danube is 600 km, whereas that on the Rhine is only 
about 200 km [49]. The Rhine has many river tributaries, 
such as the Aare, the Main or the Mosel (Fig. 1) and its 
estuary spreads through the entirety of the Netherlands, 
linking to a great number of canals. All these waterways 
run through a densely populated (average 250 people/
km2) region of Europe. These conditions make it possi-
ble for cargo to reach economically relevant locations and 
even facilitate door-to-door delivery for some industrial 
plants in Belgium and the Netherlands [39].

The situation on the Danube differs; while the main 
river arm transports large quantities of goods, there are 
only a few tributaries of the river.2 The average popula-
tion density around the Danube lies at 140 people/km2 
[39], therefore; confining the transport access to specific 
regional areas and relying on extensive pre and end-haul-
age by road to get goods to a variety of locations [49].

Even though Danube has favourable VT condition due 
to its length, the tributaries of the Rhine contribute to a 
higher population density and thus also waterborne traf-
fic density, which ultimately creates better VT implemen-
tation conditions on the Rhine.

2.2.1.2  Locks  Locks are an essential infrastructure to 
allow navigation on the upper stretches of the rivers, but 
also a means to keep an overview of the fleet size and cargo 
volumes via the lock records. The Danube has 16 locks 
in the stretch up to Györ, Hungary. Most of them have 
standard European dimensions of 230  m by 24  m, even 
though there are a few smaller ones upriver in Germany. 
On the central Danube, there are the power plant Iron 
Gate locks, between Serbia and Romania with dimensions 
of 310 m by 34 m, after which the river flows freely into 
the Black Sea.

Seeing the cargo flows provided in Table  2, it can be 
expected that the VT route passes by at least the Iron 
Gates locks, since this allows the VT service to operate in 
the most traffic dense section of the Danube.

On the Rhine there are only ten locks with the last 
downstream lock located just after Strasbourg [8]. The 
lock chambers of new German locks are designed for 
large self-propelled vessels with width of 12.5 m [3], mak-
ing them smaller than the ones that can be found on the 
central or lower Danube.

1  Barge convoys are more challenging to be under control of another vessel 
and is hence kept for later stages of the concept’s implementation.

2  Examples are Sava, the Tisa or the Prut but can only accommodate smaller 
vessel classes.
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This means VT passage on the main river Rhine and 
its tributaries can cause longer delays than is expected 
on the Danube lock passages, as more lock cycles are 
required to allow all the entire VT to pass.

2.2.1.3  Environmental conditions  At times of too high 
water, ice or strong winds, the navigation on rivers can 
be suspended. Historical data shows that the average days 
of navigation suspension are around 5–6% of the annual 
days on both rivers [9, 49].

Low water will cause vessels to have restriction in draft 
and thus increase the cost per transport unit, as well 
as increasing the risk of ship-related accidents due to 
grounding. There are no official guidelines for ship opera-
tors on how to deal with low water situations; it is thus 
dependent on the individual vessel operators to decide 
whether to keep operations running in these situations 
[36]. The lack of minimum water depth of 2.5  m along 
the length of the Danube means that low water can cause 
major navigational bottlenecks, whereas the Rhine often 
has a depth of 3.5 m which helps improve the conditions 
[42].

2.2.2 � Geo‑economic conditions
2.2.2.1  Business structure  The business structure on the 
Danube allows for multiple VT business models (BMs) 
to be considered. On the Rhine, a large part of the fleet 
is composed of small family businesses. In contrast, on 
the Danube, most vessels are owned by fairly big, former 
state-owned companies [47]. Figure 4 quantifies the extent 
of this difference for the available Eurostat data between 
the 2003 and 2012 time frame [23, 34]. While in Belgium, 
the Netherlands and Germany, companies that own more 
than ten vessels makeup at most 25% of the fleet, in most 
Danube countries, such companies own 60% to 100% of 
the fleet. The only Danube country that has similar vessel 
ownership to what can be found on the Rhine, is Serbia.

The business structure on the Danube allows for mul-
tiple VT BMs to be considered. There, individual com-
panies or alliances of only a few partners can consider 
setting up the VT for their own operations. On the Rhine, 
however, the BM is mainly limited to a platform-based 
model where many individual businesses join the services 
of a third party organizer.

2.2.2.2  Vessel types  European vessels are classified by 
CEMT classes. The self-propelled vessel sizes sailing on 
a regional level are typically CEMT class I-III, whereas 
internationally operating vessels are typically classes IV 
and above. On the Rhine the most common vessels are 
equivalent to the dimensions of CEMT class IV and V 
[40].

As mentioned in Sect. 2.1.2, there are many barge con-
voys of CEMT class VI and VII sailing on the lower Dan-
ube. Self-propelled vessels are of similar size to their most 
popular counterparts on the Rhine as some of the larger 
ones are former Rhine vessels that have been repurposed 
for use on the Danube [49], even though they are not the 
most effective vessel designs for the shallower water con-
ditions on the Danube [3]. The shallower waters and less 
variable conditions on the Danube lead to lower speeds.

2.2.2.3  Ports and  transshipment equipment  On the 
Danube most ports are well equipped for transhipment, 
with 40 inland E-ports, which are ports of international 
significance. The average distance between these ports is 
60 km, while the E-Ports on the Rhine are on average only 
20 km apart [26].

An investigation from PINE [39] estimated the Rhine 
ports to be 2.5 times more effective than the Danube 
ones, even though the crane density is higher on the 
Danube [39]. Yet, on the Rhine the higher traffic density 
causes congestions that adds significantly to the port wait-
ing times. While no official figure is available, interviews 

0%
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2-9 Ships
1 Ship

Rhine Danube
Fig. 4  Inland ship owners expressed by the number of ships owned. Source: authors adaptation of Eurostat [23] data, Maverick & STC-Nestra [34] 
and Serbian Ministry of Construction Transport and Infrastructure [44]
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with a Danube ship operator revealed that the waiting 
times on the Danube are comparable to those experienced 
on the Rhine. Therefore, these port waiting times are set 
to be equivalent in the further assessment of this article.

3 � VT assessment methododology
Now that the influence factors have been identified and 
discussed, the VT concept’s viability can be assessed 
using a quantitative model. The aim of the VT assess-
ment model is to determine the economic viability of the 
VT concept. This is achieved when:

1.	 the transport cost of the VT user is equal to or lower 
than that of the current reference vessels;

2.	 the net savings of the FVs (i.e. the maximum com-
bined subscription fees of all participants) at least 
cover the VT operator costs created by providing the 
leading service;

3.	 the number of participants that are in the VT at any 
given time does not surpass feasible conditions of 
what the corridor can accommodate

When identifying the needs for a successful implemen-
tation two aspects are considered:

1.	 boundary conditions, which are fixed by the environ-
ment or by economical regional setting

2.	 viability requirements, which are influenced by 
boundary conditions but also operational choices 
of the VT operator, such as operating, speed route 
length or departure intervals.

The cost model developed for this article allows the 
identification of the VT feasibility checks. These allow 
the study of the effects of varying operating conditions 
and evolving boundary requirements on the VT viability 
requirements. The three feasibility checks focused upon 
in this paper are:

1)	 Minimum number of FVs per VT,
2)	 Minimum distance that FVs spend in VT,
3)	 Minimum required fleet shares.

The developed model assesses the viability of the con-
cept by comparing the annual cost per transported ton 
of a reference vessel that sails individually to a vessel that 
sails as a part of a VT on the same route. This section 
provides a fundamental understanding of the methodol-
ogy and its sources.3

The approach to calculating the VT viability is based on 
a previous model which was presented in detail in Colling 
and Hekkenberg [15, 16]. For the purpose of this research 
this model has been enriched with the following addi-
tions: (1) lock passage delays and navigation day suspen-
sion are now included in the calculations. (2) Data from 
the case studies, identified in Sect. 4, are used to deter-
mine the number of return trips and hence the amount of 
cargo moved annually, i.e. the productivity. (3)This is now 
calculated for both the reference vessel and the FV condi-
tions. The maximum FV cost is determined based on the 
productivity ratios between the reference and the FV, and 
the reference vessel cost, to ensure that the VT operating 
conditions are at least equivalent to the reference vessels.

With the updated assessment model the following 
research approach is used in this paper:

1.	 The calculation of the VT viability based on the cor-
ridor features identified in Sect. 2 and applied in the 
model described in this section.

2.	 A sensitivity analysis that studies the effects of varia-
tions in the main influencing factors on the applica-
bility of the VT in both the Rhine and Danube region.

3.	 A feasibility check to see if the VT can be imple-
mented in both the Rhine and Danube region.

With the updated model and this approach it is possi-
ble to assess if it possible to apply the VT concept in both 
the Rhine and Danube region.

4 � Application cases
This section gathers the information presented in Sect. 2 
and introduces the input data for the Danube and Rhine 
corridor case. It summarizes all input parameters used to 
in the VT assessment model of these two cases, presents 
and explains the variations that are performed in the sen-
sitivity analysis.

The parameters that are a reflection of for the Rhine 
and the Danube corridor features are presented in 
Table 3. Many of the parameter values are based on the 
description and references provided in Sect. 3, however, 
some require more detailed explanation.

4.1 � Route length
With the Danube having a mean transport distance that 
is three times as large as that on the Rhine, it is deemed 
most representative for the respective corridors to oper-
ate the VT over a shorter route along the Rhine than 
along the Danube. The Danube case LV route length of 
878  km is comparable to a distance between Belgrade 
and Cernavoda, which is the point at which the Danube-
Black sea canal begins (see Fig. 1). This distance reflects 
the length of the lower Danube that has the least number 

3  A detailed description and overview of the equations is provided in the 
annex of this paper.
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of bottlenecks along the way. The 325 km route length on 
the Rhine is equivalent to the distance between Antwerp 
and Duisburg. In both case studies, the FVs are able to 
continue their journey alone once the VT has reached its 
destination, albeit only with an A1 operating regime due 
to the reduced crew size.

4.2 � VT business models
As was demonstrated in Sect. 2.2.2, the operators of the 
VT will have different BMs in the respective corridors. 
On the Danube corridor, this means that the savings are 
the benefits for the VT operator, which for a large com-
pany can be summed up over the entire fleet.

The third party business model that is applied on the 
Rhine corridor assumes the VT coordinator to be the LV 
operator. It additionally requires platform cost which are 
evenly distributed over the number of LVs in the trans-
port system and will therefore be paid as part of the FV 

contribution fee. More details on the calculation differ-
ences can be bound in the “Appendix”.

4.3 � Vessel types
The dimension of the self-propelled vessels used, stay the 
same no matter the corridor application. A difference in 
operating speed of different vessels classes is however set, 
as the on average shallower water on the Danube does 
not allow vessels to sail as fast as in the deeper waters on 
the Rhine. BAW [3] suggest the operating speed differ-
ences to be between 15 km/h and 18 km/h. It should be 
noted that the VT speeds are adapted such that they fit 
the return trips and the departure intervals of the respec-
tive case, without causing any waiting times for the LV. 
The Danube case thus has a VT speed of 15.5  km/h, 
which is the operating speed of the vessels, while in the 
Rhine case the VT speed is 17.2 km/h, slightly lower than 
the expected operating speed.

Table 4 summarizes the vessel properties used for the 
cased. Table  5 provides the cost information needed to 
determine all different vessel cost presented in the meth-
odology for both the vessels and the VT control system. 

Table 3  Input data for corridor cases

Parameters Danube Rhine

LV routes length 878 km 325 km

Number of locks 2 0

VT operator Single company Third party (platform based)

VT user Single company Small-family businesses

FV port times 58 h (Class V), 54 h (Class IV) 58 h (Class V), 54 h (Class IV)

LV port time 10 h 10 h

FVs types CEMT Class V, IV CEMT Class V, IV

Current 4 km/h 4 km/h

Reference vessel operating regime B A1/A2 or B

Crew cost savings € 75.500 (Class V) and € 65.000 (Class IV) € 389.100 (Class V) and € 
293.600 (Class IV)

Fleet size 480 6400

Departure interval 24 h 6 h

Number of LVs 6 10

VT operating speed of VT 15.5 km/h 17.2 km/h

Table 4  Vessel properties

Vessel properties Vessel type

V IV

Length (m) 110 81

Beam (m) 11.4 9.5

Installed power (kW) 1071 1063

SFC (g/kWh) 210 218

Capacity (t) 2200 1500

Operating speed Rhine (km/h) 18 18

Operating speed Danube (km/h) 15.5 15.5

Capital cost (million €) 2.46 1.80

Table 5  Vessel cost elements

Input items Vessel VT control system

Interest 5% 5%

Depreciation Over 20 years (5%) Over 5 years (20%)

Insurance 0.75% 0.75%

Administration 2.5% 2.5%

Maintenance 0.8% 2%
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The VT control system annual cost sums up to € 24.200. 
The only cost estimation of this input data does not 
include is the crew cost, which is covered in detail in the 
next sub-section.

4.4 � Crew cost
Crew cost are difficult to come by, but for the Rhine navi-
gation, acceptable cost estimates can be made through 
guiding wage-tables; to the best of knowledge of the 
authors these do not exist in the Danube countries. This 
article makes use of Dutch wages from which the rel-
evant roles have been presented in Table  6 [41]. This is 
compared to the Serbian wages for the Danube countries. 
Interviews with Serbian ship operators allowed rough 
estimates to be set.4 The conversion of these monthly 
wages into the annual cost presented in Table 6 assumes 
an indirect crew cost and employment related cost 30% 
[24] for both the Dutch and the Serbian crew cost. These 
cost are considered to be inclusive of all relevant crew 
related cost (overhead, etc.). In Serbia, the crew receives 
additional bonuses such as 25€ per day for international 
travel, which are added to the base salary. This can make 
up a substantial part of the salary considering that if the 
vessel spends a third of its time abroad, the crew member 
each receive about 2.700 € bonus per year. It is assumed 
that this bonus is paid for one-third of the operating 
time, given that the Danube route runs two-thirds of its 

way through Romania and given that the vessel operates 
under a B regime, thereby requiring two crews to rotate.

In order to judge the impact of the crew cost savings 
on the overall cost for operating an inland vessel, it is 
essential to know that crew cost can make up between 
25% till 40% of the total cost for operating a class V dry 
cargo inland vessel [1, 4]. Therefore the overall cost-sav-
ing potential is quite substantial.

4.5 � Departure interval
Previous analysis of Colling et  al. [16] has shown that a 
6  h departure interval is an appropriate assumption for 
the Rhine case application. Given the longer route, the 
smaller fleet size and cargo volume on the Danube, pre-
sented in Sect. 2.1.2, this departure interval needs to be 
increased. Hence a departure interval of once per day is 
deemed appropriate for the Danube case to meet realistic 
participants requirements.

4.6 � Sensitivity study variations
To demonstrate that the main factors as described in 
Sect. 2 are indeed the most influential, a sensitivity analy-
sis is executed that includes the variation of some of the 
secondary influence factors as well. The analysis uses the 
Rhine case parameters as a base scenario for variation. 
The results are provided for class V vessel compared to a 
B operating regime of the reference vessels.

Six factors are varied. A summary of all these factors 
variations is presented in Table 7. Every factor variation 
‘I’ is representative of the Danube case values. The varia-
tion ‘II’ is adding another extreme case for the navigation 
suspension variations and intermediary reference points 

Table 6  Annual wage of inland crew per role

Role Boat master Helmsman Boatman Apprentice

 > 86 m 70–85 m  < 70 m

Dutch € 56.300 € 55.100 € 54.100 € 46.000 € 31.800 € 40.300

Serbian € 17.600 € 16.200 € 14.800 € 9.500 € 8.800 € 7.500

Table 7  Sensitivity analysis input data

Parameters studied Base Variations

I II

Water depth 5 m 3.5 m

Navigation suspension 18 days 22 days 60 days

Number of locks (departure interval) 0 (6 h) 2 (6.25 h) 8 (7.07 h)

Percentage of Rhine crew income 100% 30% 60%

Route length (number of LVs) 325 km (10 LVs) 812 km (20 LVs) 520 km (14 LVs)

Departure intervals (number of LVs) 6 h (10 LVs) 20 h (3 LVs) 12 h (5 LVs)

4  A captain’s salary can range between € 700 and € 870 per month, lowest-
paid sailor onboard earns € 280 per month. The roles ranked in between are 
estimated according to these two extremes.
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between the Rhine and the Danube case for all other 
parameters. The values in the brackets indicate the values 
that change together with the parameter variation. For 
the lock passage, the departure interval is slightly adapted 
to avoid waiting times for the LV, whereas variation in the 
route length and the departure interval causes changes in 
the required number of LVs.

5 � Results
5.1 � Base case results
Figure  5 and the plots in Fig.  6 summarize the annual 
cost savings changes for the Danube and the Rhine cor-
ridor. The vertical line on the plots denote the separation 
point from the VT, which means that beyond this point, 
FVs sail under their own navigational control in an A1 
regime. This explains the decrease in savings per FV, once 
the separation point is passed, as the resting times are 
again included, reducing the productivity of the vessels 
compared to the continuous operations in the VT.

With the limiting conditions set in the previous sec-
tion, the Danube case only shows to be viable if a class 
V FV stays part of the VT for more than 500 km (Fig. 5). 
A maximum of € 10.000 cost savings can be achieved by 

a class V vessel. The long departure interval combined 
with the small crew cost–benefit and the reduction in 
productivity compared to the B reference vessel regime 
is in most cases not able to create sufficient benefits to 
outweigh the VT system cost.

The Rhine corridor results in Fig. 6 provided for a com-
parison to the B and the A1 operating regime, as the 
smaller single vessel companies are more likely to cur-
rently be operating at the A1 regime. A clear difference 
between the B regime and the A1 regime can be seen 
while sailing in the VT. Similarly to the observations 
in the Danube case, the class V vessels are able to bet-
ter compensate for the loss of productivity compared to 
the B regime, than class IV vessels. For the A1 regimes, 
the productivities of the vessels improve as the distance 
increases, as the vessels can make use of sailing past the 
operating restrictions. This productivity peaks until the 
FV leaves the VT. This explains why the B and A1 regime 
lines diverge so much at short distances. At the short dis-
tances, the FVs compared to the A1 regime are not able 
to have much productivity gain, whereas the FV com-
pared to the B regime have crew cost savings no matter 
the distance spent on the VT.
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Figure 6 makes it clear that once the FV leaves the VT, 
the savings show sudden decreases every 180 km. This is 
the distance a FV sail in a daily sailing regime. The drop is 
representative of the large resting time.

The most important point to note is that all conditions 
show positive savings and therefore demonstrate viability. 
The annual cost savings reaching up to € 389.100 show 
that the Rhine case is able to achieve much more secure 
benefits given the uncertainty in the input data. These 
numbers demonstrate that already the combined maxi-
mum savings of two FVs, whose reference conditions 
operate at a B regime, would be able to compensate for 
the € 422.500 VT operator cost created. Hence, for the 
Rhine VTs only require one FV per operating LV.

5.2 � Sensitivity study
A sensitivity analysis has been added to the analysis of 
the results how they are impacted if different case study 
input parameters are used. The results are expressed in 
terms of percentage change of the annual cost savings 
compared to the Rhine base case per vessel. For all but 
the lock passage variation, the changes are provided at 
the point of maximum savings, when the FV spends the 
entire trip as part of the train i.e. at 325 km. The results 
are summarized in Table 8.

Looking at the results of all parameter variations of 
Table  8, the variation of the water depth and the days 
of navigation suspension have a negative effect on the 
FV savings achieved per tkm. Even though the 1.5  m 
decrease of water depth causes 2.3% decrease in sav-
ings, due to higher fuel consumption, this depth variation 
is not going to decrease much more as then vessels can 
no longer navigate on the river. This is why the naviga-
tion day suspension has a lot more potential to reduce 
the productivity and FV savings of vessels than purely 
shallower waters does. It needs to be considered that the 
unreliability these two factors create, has a negative effect 
on cargo owners willingness to choose waterborne trans-
port. If the waterborne conditions become too unreliable, 
the customer are likely to change their choice of trans-
port mode and will not return. Hence, while the results in 
Table 8 show a small effect, these long term and demand-
side effects are not reflected in these results.

The lock passage sensitivity analysis results need to 
be viewed similarly. The Rhine case has shown that a 
VT can be composed of as little as one FV. This would 
mean the entire VT fits into a single lock cycle. For such 
short trains the only difference between the VT and cur-
rent operating conditions are the VT waiting times. The 
sensitivity analysis for the 2 and 8 lock passages allows 
to conclude that every added lock reduces the FV sav-
ings per tkm by 3.1%. Apart from the additional number 
of lock cycles that could be required if the VT becomes 
too long, the VT is also affected by locks that are located 
in close proximity to each other. The VT aims to reduce 
the workload of the crew on the FVs; yet if every few 
hours the crew is called onto the bridge to take over a 
lock manoeuvre the benefit for the VT user diminishes. 
Therefore the VT operators should choose routes that 
have either very clustered or very few widely spread locks 
along the route.

The changes in departure intervals cause at most a 
variation of about € 60.000 of saving (i.e. 19%) and the 
increase in sailing distance improves the average savings 
by up to 56%. The income variation has the largest effect 
on savings. A decrease of as large as 84% (i.e. € 270.000) 
is experienced when the income is lowered to an equiva-
lent income level to that on the Danube. This large reduc-
tion of benefits can have an effect on the number of FV 
needed in a VT, as the savings drop below the LV cost 
threshold of €24.200.

5.3 � Feasibility checks
The feasibility checks identify the minimum distance a 
FV has to stay in the VT, the minimum number of FVs 
per LV, the number of participants required in the trans-
port system and the market share required of the exist-
ing self-propelled fleet. All but the minimum distance 
feasibility checks are provided at the VT trip length, so 
assuming the FV stays sailing in for the entire trip.

The feasibility checks of the Rhine case and an 
adjusted Danube case results are summarized in 
Table  9. The adjusted Danube case has increased the 
trip distance to Budapest which is thus overall 1400 km, 
a reduced departure interval of every 6  h and a crew 
cost estimation that is about 20% higher than the 

Table 8  Average change in cost savings due to the variation of influence parameters

Influence factors Water depth (m) Days of navigation 
suspension

Lock passage Rhine income (%) VT route 
length (km)

Departure 
intervals (h)

Variations  − 1.5 22 60 2 8 60% 30% 520 812 12 20

Change in savings  − 2.3%  − 1.1%  − 3.1%  − 6.2%  − 24.7%  − 48%  − 84% 51% 56%  − 8.8%  − 19%
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originally used values. These adjustments allow also 
class IV vessel to achieve viable conditions. All scenar-
ios do not require a minimum distance for the FV to 
stay as part of the train. Even with the higher VT plat-
form cost, the Rhine conditions show a smaller than 
1% fleet share requirement of the self-propelled vessel 
fleet, which is realistically achievable.

On the Danube, the VT operating cost are a lot lower, but 
the required fleet share rises up to 11% of the self-propelled 
vessel fleet. While this appears high, due to the larger busi-
nesses on the Danube, this can be feasible since it can rep-
resent one large company or an alliance of a few operators 
working together to improve their productivities.

Seeing that the departure intervals make such a large 
difference, one could consider that further benefits can be 
achieved if the BM is changed to a departure on-demand 
basis. Such a BM would require detailed knowledge of all 
departures and destinations as well as excellent coordina-
tion of vessels.

6 � Conclusion and discussion
This article presents a comparison of the geographical and 
geo-economic features of the Rhine and the Danube inland 
navigation corridors in light of the potentials for the intro-
duction of the VT concept. It describes impact factors that 
have an effect on the VT concept implementation and 
assesses the viability for both operating corridors. While 
the Danube has the advantageous conditions that it is long 
and has larger cooperation running the waterborne trans-
portation sector corridors, the Rhine provides favourable 
conditions in terms of crew income levels and waterborne 
traffic density. These latter two are the main influence fac-
tors for the VT implementation.

The case studies showed that the Rhine case has the 
potential, from a transport cost point of view, to sup-
port a viable application of the VT concept. A reduction 
in transport cost, as determined in the analysis, for IWT 
would make this form of transport more attractive, but 
also other factors, such as the further integration of the 

VT in the overall supply chain, play a role in the success-
ful implementation of this IWT transport concept.

With respect to the Danube case, more careful consid-
eration of its applicability is needed. Even if the benefits 
can be increased through a potential increase in crew 
income, the traffic density on the Danube is likely not 
to be high enough to implement the concept. A way in 
which the traffic density can be increased is by adding 
push convoys into the train, as they are more numerous 
on the Danube than self-propelled vessels.

One point for further research is to research how these 
cargo volumes could be attracted by the VT concept or 
by integration push barge operations into the VT on the 
Danube. Next to that, also the main IWT sector-related 
barriers, as mentioned in Sect.  2, need to be addressed 
and further researched. Additionally, this article mainly 
focused on the application of the VT concept within Euro-
pean waterways, yet the insights gained make it possible 
to extrapolate the application of the concept onto differ-
ent rivers around the world. Further investigation could be 
looking at for instance, the Yangtze River that is pushing 
to develop and has larger traffic densities along its length.

Appendix

Nomenclature

A1	� Operating regime that allow 14 h operations
B	� Operating regime that allows continuous 

operations
Cfee	� Annual VT contribution fee cost (€/year)
CLV	� Annual LV cost created by providing the leading 

service (€/year)
CVT	� Annual VT technology cost (€/year)
D	� Annual number of operating days (€/year)
d	� VT trip distance (km)
din	� Distance of the FV spent in the VT (km)
FV	� Follower Vessel
i	� Original sailing regime of the reference vessel

Table 9  Feasibility checks for the Rhine and the Danube cases

Case Vessel type Feasibility checks

FV distance spent in VT Number of FV per VT Number of 
participants

Fleet share (%)

Rhine V No min distance 1 20  < 1

IV No min distance 1 20  < 1

Danube V No min distance 1 36 8

IV No min distance 2 54 11

Combined No min distance 1 36 8
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LV	� Lead vessel
nFV	� Required number of FVs per LV
nLV	� Number of LV in the transport system
r	� Number of crew member roles
T	� Annual operating hours (h/year)
TSC	� Transition Stage Case
tp	� Time spent in port (h)
tr	� Time spent resting (h)
V	� Cargo capacity of the vessel (t)
vc	� Speed of river current (km/h)
vVT	� Operating speed of VT (km/h)
Δfuel	� Change in annual fuel cost (€)
A2	� Operating regime that allow 18 h operations
CFV	� Annual follower vessel cost (€/year)
CR	� Annual reference vessel cost ((€/year)
Cint	� Bonus wage for every day spent sailing interna-

tionally (€/day)
cw	� Annual crew wage (€/year)
dFV	� FV distance (km) i.e. dout + din
dout	� Distance the FV spends sailing on its own (km)
dint	� Distance sailed internationally (km)
f	� Fleet size of single company
I	� Departure interval of the LVs (h)
M	� Fleet share
nc	� Number of crew members
P	� Annual productivity of a vessel (t/year)
pex	� Percentage indirect and employment-related 

crew cost
rr	� Number of crew member roles at reduced crew
tl	� Time spent in lock passage (h)
tt	� Return trip time (h)
tw	� VT waiting time due to VT departure (h)
VT	� Vessel train
vR	� Operating speed of the reference vessel (km/h)
Δcrew	� Change in annual crew cost (€

of participants. The information presented in this annex is 
based on the NOVIMAR deliverable by Hekkenberg and 
Colling [15, 29], with the addition of environmental factors 
of days of navigational suspension.

The calculation approach focuses on the calculation of 
the FV cost based on their relative productivity changes. 
All calculations are based on the cost calculation of a 
currently operating reference vessel and its refit coun-
terpart operating as a follower vessel in a VT.

To start with, the VT operating speed is calculated 
using Eq.  1. The departure interval of the train is set 
within the assessment scenario in Sect.  5 of the main 
paper. The number of LVs in the transport system are 
determined such that the operating speeds of the VT are 
as close as possible to the operating speeds of the refer-
ence vessels.

Next, the return trip time is calculated. As can be 
seen from Eq. 2, the main difference between the ref-
erence vessel and the FV trip time the addition of the 
VT waiting time (tw), but also the fact that the sec-
tion of the FV trip is calculated at the VT operating 
speed. As we are dealing with inland navigation, the 
vessel speeds are influenced by currents experienced 
on the river. The vessels are set to operate along the 
same route length all year. Hence, the length of this 
route, as well as the amount of time spent sailing, and 
resting per day are also taken into account for the trip 
time. Port times (including time spend on actions such 
as (un)loading, berthing, bunkering) also influence a 
return trip time but are not specific to VT operations. 
These port times are adjusted depending on the size of 
the vessel.

Knowing the trip time allows the determination of the 
reference vessels productivity, at its original sailing 
regime and the productivity of FV at its VT conditions. 
The productivity is calculated using Eq.  3, for both the 
reference and FV conditions. Aside from the trip time 
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This annex provides the detailed equations for both the 
Rhine and the Danube cases calculations. The assessment 
methodology for the single company and the subscrip-
tion fee BM is for the most part identical. It differs mainly 
in the assumptions set for the determination of the number 



Page 14 of 17Colling et al. European Transport Research Review            (2022) 14:4 

the difference in computations between the two condi-
tions lies in the annual number of operating hours (T). 
For the reference vessel, this is the operating hours given 
the original operating regime (i) minus days of no opera-
tions due to holidays (rh) or navigation restrictions due to 
water levels (rw). The number of operating hours for the 
VT is computed by considering both the time spent in 
and out of the VT, which allows operations either at a B 
or an A1 regime, as expressed in Eq. 4.

Next, the CAPEX and OPEX of the vessel are determined 
as described in the main body of this paper. The OPEX 
costs of the reference vessel and the FV includes crew, 
fuel, maintenance, and administration cost, while the 
CAPEX costs are composed of depreciation, interest and 
insurance. The administration, as well as all CAPEX cost, 
are determined as a function of the newbuilding price of 
the vessel, which is a common approach that was adopted 
by for example Kretschmann et  al. [32], Grønsedt [25], 
Lyridis et  al. [33] or Verberght [47]. The new built price 
and maintenance estimation method for an inland vessel 
is taken from Hekkenberg [28].

The fuel costs are determined using Holtrop and 
Mennen [30] resistance prediction method, which 
has been adjusted to take shallow water effects into 
account according to the method proposed by Zeng 
et  al. [50]. The specific fuel consumption is modelled 
as a function of engine loading and based on Caterpil-
lar 3406E [6].

The VT control system cost and the LV cost calcu-
lations are based on the capital cost needed to get the 
installation of the VT track pilot soft- and hardware 

(3)P =
24T

tt
2V

(4)
for PR : T = 24Di − rw − rh

for PFV : T = TB+A1 = 24

(

din

dFV
∗ DB +

dout

dFV
∗ DA1

)

− rw − rh

(i.e. antenna or distance sensors) on board of the ves-
sels. This is estimated to be € 80,000 by the developer 
Argonics Gmbh [2]. The insurance, interest, mainte-
nance, administration and depreciation are calculated 
as a function of this investment cost. The depreciation 
time of this technology is five years.

If the VT is operated by a third party additional cost 
need to be considered apart from the VT control sys-
tem cost. These cost are platform cost, that allow the 
coordination of the VT participants, which does not 
arise when the VT is operated by a single company. 
This cost includes software cost, but also shore-based 

staff and offices. The platform cost assumptions are pre-
sented as part of the input data in the application cases.

The VT can create positive and negative effects on a ves-
sels’ productivity. The waiting times created before depar-
ture as well as the possible slowing down of the operating 
speed in the VT cause a negative effect on productivity. If 
compared to reference vessels that operate in a B regime, 
these negative products are a consequence of using the VT 
aside from the cost saving achieved by the crew cost saving. 
Compared to a reference vessel at an A1 regime, however, 
these negative effects on the FVs’ productivity are largely 
outweighed by positive effects of sailing through the 10 h of 
resting period per day.

To ensure that the FV transport condition are at least 
equivalent to the reference operation, the FV cost is 
calculated based on the change in productivity and the 
reference vessels cost using Eqs. 5.

(5)CFV =
PFV

PR
CR

Table 10  Number of crew and wages summary for the Rhine and Danube case

* For the Danube case all apprentice positions are considered to be a boatman

Role Number of crew Monthly crew wages

Class V Class IV Rhine Danube

A1 B A1 B A1 B

Boat master 1 2 1 2 € 2227 € 3185 € 680

Helmsman 1 1 € 1829 € 2603 € 340

Boatman 1 1 1 € 1802 € 2577 € 280

Apprentice* 1 1 1 1 € 1594 € 2279 € 280
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Equation 6 allows to the net savings per vessel for the sin-
gle company BM or the maximum contribution fee, a FV 
can pay to the LV to compensate for their service.

The crew cost savings are determined based on the crew 
number and the crew wages summarized in the table 
below. As described in the main text, the crew numbers 
are taken from CCRN guidelines, and the UNECE Reso-
lution No. 61 [7, 46]. The crew wages for the Rhine case 
are from QUOVADIS [41] and those for the Danube are 
obtained from interviews with one of the largest shipping 
company along the Danube (they wish to stay anonymous 
so as not to disclose this comparative information to their 
competitors). On the Danube, a significant part of the 
wage is based on the number of days spent sailing interna-
tionally (cint), outside of their home country. This is not the 
case for the Rhine; hence there, it is set to 1. The savings 
are calculated using the data in Table 10. These include the 
percentage indirect and employment-related cost (pex) of 
30% of the total wage [24]. These values are plugged into 
Eq. 7 to obtain the crew cost savings. The first sum in Eq. 7 
determines the crew cost of the reference vessel for every 
crew role (r) at their original operating regime (i). The sec-
ond sum calculates the cost of the FV operations with the 
reduced crew roles (rr) at an A1 operating regime.

The change in fuel consumption (Δfuel) is the difference in 
the estimated fuel consumption between the two condi-
tions, while the last cost component of Eq. 6, the VT cost, 
is composed of the VT control system cost. This VT cost is 
expected to be equivalent to the LV cost. The LV cost calcu-
lations are based on the capital cost needed to get the instal-
lation of the VT track pilot soft- and hardware (i.e. antenna 
or distance sensors) on board of the vessels. This is esti-
mated to be € 80,000 by the developer Argonics Gmbh [2]. 
The insurance, interest, maintenance, administration and 
depreciation are calculated as a function of this investment 
cost. The depreciation time of this technology is five years.

With respect to the third party service provider to man-
age the VT the following cost are determined. For the 
Rental of office spaces and software licences, updates and 
other overheads are estimate to be € 50.000, where € 10.000 
is the expected annual fee for offices and screens in the 
remote control centre of the Port of Antwerp. The platform 

(6)Cfee = SFV = CFV − CR +�crew +�fuel − CVT

(7)

�crew =

r
∑

j=1

(

nc,j

(

cw,j +
cw,jpex

(1− pex)

)

+ nc,j
dint

dFV
Ticint

)

i

−

rr
∑

j=1

(

nc,j

(

cw,j +
cw,jpex

(1− pex)

)

+ nc,j
dint

dFV
TB+A1cint

)

A1

is operated and maintained by four shore-based workers 
with transport planning and IT skills. It is expected that 
each employee cost € 60.000 annually, thereby summing 
up to a cost of € 240.000 per year to cover the shore-based 
workforce. Finally, it also assumes that the VT operator 
makes a profit margin of 20% of the total cost. In the case, 
where the VT operator is an independent agent from the 
LV operators, additional margins need to be added. Given 
these additional cost assumptions and the 10 LVs operat-
ing on the Rhine VT transport system, the VT operator 
needs to gain a total of € 422.500 (€ 42.250 per LV) for its 
services to be economically viable. The calculations for this 
business model in this assessment are set such that the FV 
savings are the maximum contribution fee the VT opera-
tor can expect the FVs to pay for the service. This does not 
mean that the FV operators end up paying a subscription 
fee equivalent to their savings, as they also make financial 
benefits from joining the VT.

The main difference in the single company vs. third party 
business model lies in the calculations of the compensa-
tion cost for the service performed. The third-party busi-
ness model needs the platform cost for coordination of the 
train to be included (i.e. licence, updates and shore-based 
personal) as well as a margin of profit. All these cost sum 
up to the VT operator cost and are evenly divided over the 
number of LV in the transport system, as indicated by Eq. 8. 

The LV cost the single company needs to compensate for, is 
equal to the VT control system cost, as it is assumed that no 
waiting times are created for the LVs.

Finding the number of required FV per VT is the point at 
which the cases differentiate dependenton the BMs. As 
shown in Eq. 9, the number of FV per VT for a subscription-
based BM assumes the best-case scenario for the VT opera-
tor and the worse-case for the VT user, i.e. that the entire 
savings of the vessel operators are paid to the VT operator. 
For the single company use case, the cost savings generated 
need to outweigh the cost. Hence, the required FV partici-
pants indicate the minimum FVs required. Additionally, the 
benefits of one vessel type can help make the combined 
operations with another vessel type viable.

(8)

CLV =

{

(cVT nLV+cplatform)(1+p)

nLV
; for platformbased model

cVT ; for single companymodel
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In the case that nFV > Lc additional lock cycle time needs 
to be added to the original equations and a second itera-
tion of the calculation method is calculated. As the case 
study results show, this is not needed, so the total num-
ber of participants is determined using Eq. 10.

The final feasibility indicator of the fleet share is based on 
the fleet size of the self-propelled vessels identified in the 
main body of the paper and is calculated using Eq. 11.
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