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Abstract
Energy-efficient navigation is considered as a promising but complex and comprehensive approach
for reduction of fuel consumption of a vessel based on knowledge of interactions between vessel
and engine characteristics (e.g. vessel size, hydrodynamic characteristics, etc.), fairway parameters
(e.g. frequently changing waterway depths, current), vessel speed and the resulting fuel
consumption. The core approach is to reduce energy consumption by adaption of the speed (power)
profile to the waterway profile, considering the following measures:
• speed (power) adaption in dependence of water depth, fairway width and current;
• choice of the optimum sailing track;
• provision of the needed information to the boatmaster in an efficient and user-friendly way
in adequate time intervals, avoiding overloading due to excess of information.
Respective developments relating to energy-efficient navigation were carried out in the course of
the H2020 EU project PROMINENT 1.
The vessel performance characteristics were taken into account by dedicated model tests
performed for three vessels and the ship energy model developed in PROMINENT. The waterway
characteristics of the test stretches on the Rhine and the Danube were processed by the respective
waterway authorities/managers for use in PROMINENT. In addition, a great number of
measurements were performed on board of 13 commercial vessels (three operating on the Rhine,
ten operating on the Danube).
In this report, energy-efficient navigation is discussed, using simulations, the development of
dedicated tools for energy-efficient sailing and evaluation of ship performance, as well as collection
of waterway data (water depth and flow velocity) by commercial vessels. It contains the final
results related to these topics derived in Work Package 5 of the HORIZON 2020 EU project
PROMINENT.
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Executive summary
On May 1st, 2015, the PROMINENT 2 project – Promoting Innovation in the Inland Waterways Transport
(IWT) Sector – started. Co-funded through the Horizon 2020 Programme of the European Union (EU),
the project aims at:
• massive transition towards efficient and clean vessels by developing cost-effective solutions
applicable to 70 % of the EU fleet and reduction of the corresponding implementation costs
by 30 %;
• certification and monitoring of emission performance and development of innovative
regimes,
• harmonisation and modernisation of professional qualifications and the stimulation of the
further integration of inland waterway transport into sustainable transport chains.
In the state-of-the-art assessment of PROMINENT, energy-efficient navigation was identified as one
of the promising technologies for coping with the goals mentioned above. In consequence,
respective developments relating to this task were carried out in the course of PROMINENT.
Intermediate results of the developments were presented in Abma et al. (2016), Schweighofer et
al. (2016) and Schweighofer et al. (2017). This report contains the final results.
First, the simulations performed are described, followed by a presentation of the on-board tool for
energy-efficient navigation, as well as the land-based tool for evaluation of ship performance. Next,
the results derived by shipborne measurements on the Rhine and the Danube are presented and
discussed. Finally, the main conclusions regarding the applicability and further development of the
activities carried out and the results derived are presented.

a. Simulations
i.
Rhine
DST’s simulation environment was adapted and used to quantify the influence of different sailing
policies on fuel consumption. The vessels considered were the passenger vessel FGS Symphony and
the motor cargo vessel Monika Deymann. Five different sailing policies were investigated
comprising:
• sailing with constant speed through water;
• sailing with constant speed over ground;
• (sailing with constant delivered power, see Appendix A);
• sailing with constant rate of revolutions (rpm);
• (sailing with minimised average Froude number based on the water depth (Fnh 3), see
Appendix A).
The simulations revealed that sailing with constant speed through water or constant speed over
ground results in the most significant fuel savings, depending on the sailing duration permitted. For
the Monika Deymann, the simulations revealed also that sailing 10 % longer than the minimum
possible time results in a reduction of fuel consumption by 30 %.

2
3

http://www.prominent-iwt.eu/
Fnh = ship speed through water/(gravity constant • water depth)0.5
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ii.
Danube
An assessment of the fuel-consumption-reduction potential was carried out for a Danube vessel
sailing between Regensburg and Budapest on the Upper Danube, using the modelling approach of
Via Donau. The operational cases comprised:
• operation of a Johann Welker vessel (extended) as pushed convoy consisting of the motor
cargo vessel under consideration and a lighter;
• operation of the motor cargo vessel as single vessel.
In all cases considered, the reduction of the brake power and the speed over ground lead to a
significant reduction in fuel consumption, ranging from 8.7 % up to 25.5 %.
The motor cargo vessel in single operation showed an excellent relationship between increase in
sailing time and reduction of fuel consumption. Roughly, one may say that 1 % increase in sailing
time leads to a reduction in fuel consumption by 4 %. The relationship becomes little less favourable
for sailing at the highest navigable water level (HNWL).
For the pushed convoy comprising the motor cargo vessel and the lighter, the reductions in fuel
consumption could be achieved only by rather high increases in sailing time, becoming highest for
sailing at HNWL. 1 % increase in sailing time lead to approximately 1.5 % reduction in fuel
consumption at the low navigable water level (LNWL) and an artificial mean water level (MWL).
Simulation is no measure to increase the energy-efficiency of inland waterway transport by itself.
However, it can serve raising the awareness of fuel-saving potentials associated with different
sailing strategies. If this awareness is used in daily practice, the result can be achievement of
reduced fuel consumption.

b. Tool for energy-efficient navigation
i.
On-board tool (ENAT)
A user friendly web interface was developed to help boatmasters or trip planners estimate fuel use
and NOX emissions for an upcoming trip, including alternative arrival times for corresponding fuel
savings. Boatmasters can be provided with track advice in real time. The website connects to a
simulation model that combines the technical specifications of the vessel with water conditions
along the track, and optimises the track based on fuel consumption. This level of detail is needed as
ship performance strongly depends on the vessel type and specific design, as well as waterway
conditions. The dependency between vessel and environment requires high quality input data, for
which still improvement needs to be made in order to give reliable advice on the Rhine. Relating to
the vessel, the resistance curves used for the evaluation of the vessel performance were derived
from dedicated model tests described in the Appendix A. However, model tests are expensive and
rarely performed for inland navigation vessels. Therefore, the consideration of alternative ways of
estimating the requested resistance curves (or even power curves) should be taken into account.
Relating to the usage of waterway data, improved input relating to at least the water depth and
flow velocities seems to be necessary. The usage of 1D data is simple, but it seems to introduce
local errors in the vessel performance evaluations.
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During the development of ENAT, different boatmasters were consulted to validate the usefulness
of the advice, and implement the feedback in the tool. This resulted in the display of local depth
and flow velocity used as input to the calculations, which was not present in the first ENAT version.
Interviews
In particular, two very distinct boatmasters were extensively consulted with respect to the ENAT
tool. In general, they acknowledge the importance of efficient navigation for the environmental
impact of their business. The parameters that are presented to the boatmaster match generally
with the choices that they can make with respect to engine speed and sailing speed. However, they
notice that there are still features lacking which they find essential in their daily operations, mostly
concerning interaction with other traffic and lock passing. Furthermore, they indicate that they
know from experience and their personal interest how to limit fuel consumption and, therefore,
they recommend aiming at unexperienced boatmasters as a target audience for ENAT. ENAT has to
be very reliable and proven with respect to fuel savings and operations before they would consider
using it.

ii.
Tool for evaluation of vessel performance
Vessel performance is approached from both efficient navigation as a predictive method, and the
monitoring of performance data as a historical tool. The vessel performance evaluation tool has
been split into two components:
• the ENAT route planning, based on the algorithms of ENAT;
• access to on board measured performance data.
In the ENAT tool for trip planning, the workflow is equal to the one of the on-board tool, but
instead of the current location, 2 waypoints are chosen. The result will be an overview of the fuel
consumption and emissions that will be obtained by sailing according to the choice made, e.g. by
sailing slower.
The data from the Smart Emissions Measurement System (SEMS) installations can be accessed by end
users using a website. The website provides the following main functionalities:
• securing of data so that only users with the right permission can access these;
• provision of a summary of average CO2 and NOX emissions per km;
• ability to download per-second data, e.g. CO2/s, for further processing.
Currently, a comparison between the vessel performance results of ENAT and the ones of the onboard monitoring (OBM) system is being performed for the motor cargo vessel “Baden
Württemberg”, using 2D-waterway data of a Dutch test stretch. Both components contribute
directly to raising awareness of the benefits of modified sailing behaviour. In addition, for this
vessel, an evaluation of the impact of measures changing the sailing behaviour between locks is
performed.
While setting up the land based tool, the barriers are practically the same as for the on-board tool,
though there are several differences:
• For the land based tool, the results for total fuel consumption and arrival time are of main
importance. Therefore, the focus is not on the per-section fuel consumption. However, the
per-section optimization is needed in order to calculate the total fuel consumption.

9

•

While boatmasters can activate the on-board tool for a short stretch of the river, the onboard planning tool needs to cover longer trips. Therefore, it needs much more fairway
data, and a system to combine the fairway data into routes.

c. Shipborne measurements
i.
Rhine
The first time, a highly accurate single beam echo-sounder technology was applied in commercial
vessels, using the technology and following the principles of professional surveying.
The echo sounding results derived deliver reliable data of the river bed topography. After only one
year of operation of one vessel an average coverage of the fairway with echo sounding data in the
German part of the river Rhine of 70 % was achieved. The methodology used provides highly
accurate and up-to-date data on bed elevation in the fairway. Taking into account corrections for
pitch and roll, the overall averaged difference between the on-board measurements and multibeam soundings of the year 2014 amounts to 2 cm.
If several vessels are equipped with appropriate measurement techniques, navigational relevant
data can be collected in short time periods and over large areas of the fairway. In a next step, a
workflow for an automatic plausibility check and processing of the collected data has to be
developed and this data has to be provided to the boatmasters in a suitable manner.
Both acoustic Doppler current profilers (ADCP, 1D: one-dimensional and 2D: two-dimensional)
provide flow velocities within the vessel’s path. Using 2D-ADCPs for this task improves the data
accuracy especially in bends. The quality of the flow velocity results is affected by the immersion
depth of the device, the distance between the ADCP and the bottom, the velocity against water and
the beam spreading. At mean water level, a rather good agreement of the on-board measurements
with the ones derived from a 2D-HN-model is obtained. The results obtained at the equivalent water
level (GlW) show greater deviations from the modelled ones, due to unreliable results for the
magnitude of the flow velocities because of small under keel clearances together with a small
immersion depth of the ADCP. Plausibility checks and post-processing of ADCP data are more
complex and time-consuming than the ones of the echo sounding data.
The costs associated with the implementation of the developed system and further developments to
be carried out are too high in order to be covered by the vessel-owner solely, therefore, demanding
dedicated financing solutions.
A quantification of the impact on fuel consumption is not possible at this stage. The system
developed provides an improved knowledge of the fairway conditions as well as at which locations
significant changes of the river-bottom topography occur, demanding maintenance works. Thereby,
the system contributes to an improved waterway infrastructure and usage of it by vessels, resulting
under circumstances in more reliable services, better choice of the route and loading of the vessel
and reduced fuel consumption related to tonne kilometer. In addition, the system can be used as
input to tools like the ENAT, giving advice on efficient ways of sailing the vessel, affecting this way
the reduction of fuel consumption. However, for this purpose more accurate information on the
flow velocities or usage of flow velocities averaged over dedicated stretches seems to be necessary
e.g. in order to allow for a rather accurate estimation of the time of arrival.

10

ii.
Danube
Since January 2016, on-board monitoring has been taking place for a group of ten vessels of the
Romanian shipping company NAVROM sailing mainly on the Middle and Lower Danube. The
measurements performed aimed at analysing the engine performance of the vessels and navigation
conditions such as waterway depth and flow velocities. The measurements collected were stored in
a database with over 100 000 hours of data utilised in this pilot for estimation of the waterway
depths at the city of Corabia in Romania, which is considered a bottleneck due to the shallowness of
the Danube there.
In general, the on-board measurements give plausible results. The agreement with the surveying
results (single beam) is good at several points, although at some points maximum deviations of up
to 1 m occur. The deviations may be explained by lack of consideration of sinkage and trim of the
vessels, different densities of measurement points across the fairway as well as different time
periods between the on-board measurements and the surveying results.
For a proper validation of the on-board results obtained, a comparison of the on-board results with
surveying results is recommended to be carried out, covering identical measurement points and
minimal time differences between the measurement campaigns. Currently, it may be concluded
that the on-board measurements give plausible results, and the accuracy seems to be sufficient for
provision of a good qualitative description of the longitudinal river-bed profile, showing where
potential critical spots are located to be undertaken a closer examination by the responsible
waterway authority, this way, assisting the waterway authority in detection of locations where
maintenance activities are eventually to be carried out, contributing thereby to an improved
waterway infrastructure and reduced fuel consumption. At this stage, a valid conclusion regarding
the application of the tool developed for estimation of the maximum cargo to be loaded cannot be
made. Similarly to the results for the Rhine, a quantification of the impact on fuel consumption
cannot be made. The costs occurred to the ship-owner are listed in Appendix A.
The usefulness of the data and the quality of the depth estimates indicate that the method
developed may be suitable to be used in other bottlenecks of the Danube as well. However, the
condition is that sufficient ship passings with measurements of the respective bottleneck will be
available, and that the fairway is not too wide in order to obtain good averages. Basically, this can
be done already with the ten NAVROM vessels equipped with the PROMINENT measurement
technology. The costs for the vessel-owner will be mainly related to handling of the mobile
equipment, transmission of data and maintenance of the system installed. The main efforts and
costs, to be covered e.g. by a dedicated development project, will relate to the inclusion of a great
number of gauges including the referencing of the respective local measurements to the respective
gauge readings.
Finally, in a further step, it may be thought of extending the procedure for the creation of a
waterway map with depth contours, demanding, however, a significant amount of efforts and
resources.
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1. Introduction
a. General considerations
Apart from engine and hydrodynamics characteristics, the fuel efficiency of an inland waterway
vessel is also largely dependent on - continuously changing - fairway characteristics. The most
important parameters are the fairway depth influencing the shallow-water resistance, the width
resulting possibly in the so-called “canal effect” and the flow velocity of the river. The energy
consumption of a vessel rises disproportionately in shallow and narrow waters (confined conditions)
and in areas with higher counter-current flow if a constant speed over ground is to be maintained.
Accordingly, a remarkable potential to save fuel exists on free flowing rivers with continuously
changing underwater topography and corresponding varying waterway depths and flow velocities.
The fuel savings can be achieved by adaption of the vessel speed to the changing navigation
conditions e.g. by reducing the speed in unfavourable stretches, leading to significant reduction of
power at relatively small increase of sailing time. Depending on the present navigation conditions,
it can be even possible to achieve noticeable fuel savings without increasing the sailing time too
much or at all, e.g. by going faster in deep river stretches and slowing down in shallow-water
stretches. The potential gains in fuel savings depend on the respective waterway conditions.
Referring to the state-of-the-art research results derived in Work Package 2 of the H2020 EU project
PROMINENT 4, an average value of 3 up to 7 % may be assumed. Higher values e.g. in the range of 14
% may be possible if the sailing time may be increased (slow steaming).
The provision of full information on the navigation conditions of a waterway (water depth and flow
velocities across the river), both, spatially (in longitudinal and lateral direction), as well as
temporally, enables the application of energy-efficient sailing via adaption of the vessel speed to
the changing navigation conditions and choice of the optimum track for minimum fuel consumption.
Besides, the location with the lowest water depth on the whole transport route determines the
possible draught and thus the maximum payload and the load-factor of a vessel (so–called loadlimiting water depth). Hence, the knowledge of this depth is a precondition for the optimisation of
the payload (by reduced necessary safety margins). The information requested can be derived by
comprehensive surveying of the entire waterway using dedicated surveying vessels and application
of proper water-level and hydro-morphologic models accounting for water-level and riverbed
changes in real time, whereby the impacts on water depths and flow velocities are to be
determined. Further, the respective information can be derived in real time, using measurements
performed on cargo and passenger vessels in operation e.g. via echo-sounder measurements and
flow-velocity measurements. However, the measurements performed by vessels in operation pose
many questions regarding spatial density, frequency, accuracy and reliability of the measurements
derived and the information on the navigation conditions provided. Finally, the information on
navigation conditions collected by commercial vessels as mentioned above can be used also as input
to transport models, as well as for detection of unfavourable locations in the river, giving the
waterway authorities an indication where maintenance activities are eventually to be carried out,
serving the efficient navigation of most vessels sailing in the respective area.

4

http://www.prominent-iwt.eu/
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b. Reference to Work Package 2 of the H2020 EU project PROMINENT
The implementation of energy-efficient navigation is one of the core objectives of the H2020 EU
project PROMINENT. In Work Package 2 of PROMINENT, the system for energy-efficient navigation
was initially specified, complemented by an economic analysis of its implementation. The following
issues were addressed:
• analysis of user requirements: useful frequency and detail of advice to boatmen in specific
river sections, suitable user interface;
• determination of necessary system parameters: characteristics of vessel, engine, fairway,
flow velocity, traffic situations as well as emissions etc.;
• identification of suitable data gathering technologies for optimum accuracy and efficiency;
• definition of test sites, available equipment and technical requirements for installation;
• identification of available data for model calibration: e.g. detailed water level models
including flow velocities;
• outline of algorithm for joint analysis of available data and provision of advice to boatmen;
• description of the methodology to be used for the ex-ante cost/benefit analysis;
• presentation of the results regarding the Net Present Value and Internal Rate of Return
derived for different fuel consumptions per year of a vessel, as well as the PROMINENT fleet
families and representative journeys, considering different scenarios with respect to
investment, operational and fuel costs, as well as potential savings in fuel consumption to
be achieved.
Based on the initial specification, the tool for energy-efficient navigation was set up and further
developments were carried out, as well as the necessary information on the navigation conditions of
the pilot stretches was processed and compiled for the purpose of usage in PROMINENT.
The technical developments carried out and first results derived were presented in the deliverables
D5.5, Schweighofer et al. (2016), D5.6, Abma et al. (2016), and D6.2, Schweighofer et al. (2017).
In this report, a concise overview of the activities performed is given, focussing on a discussion of
the final results obtained. The tasks of the Description of Work covered comprise:
• installation of advanced echo-sounder and other vessel equipment;
• definition and application of rules and procedures for data generation and data use;
• development of tools for energy-efficient navigation;
• test operations on the Rhine and the Danube;
• technical evaluation and conclusions.
First, the simulations performed are described, followed by a presentation of the on-board tool for
energy-efficient navigation, as well as the land-based tool for evaluation of ship performance. Next,
the results derived by shipborne measurements on the Rhine and the Danube are presented and
discussed. The report is completed by a summary of main conclusions regarding the applicability
and further development of the activities carried out and the results derived.
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2. Simulations
a. Description
The manifold subject area of “Energy-Efficient Navigation” (EEN) in inland waterway transport was
addressed using simulation approaches within several work packages and tasks distributed over the
PROMINENT project. It is a well-known fact that a vessel sails more fuel- and cost-efficient in
confined waters when the speed is varied according to the local water depth. The disproportionate
rise of power demand and fuel consumption is significantly pronounced by shallow-water effects.
Fuel can be saved by sailing slower in sections with less water depth. The loss in time is
compensated by going faster in deep water to keep the sailing time of the entire voyage constant.
To increase the awareness of crews sailing on inland vessels, a new E-learning module was
developed in Work Package 4, Hoyer et al. (2017). The effectiveness of the use of ship handling
simulators with respect to education, assessment and examination was investigated in Task 4.1.1 of
Work Package 4, Gronarz et al. (2017). The Dutch project VoortVarend Besparen and the German
project Topofahrt have already developed blended learning courses using simulators. Within SubWork Package 5.4, a web-based real-time assistance tool to advise the boatmasters (see Chapter 3
of this report) has been worked out.
Direct evaluation of savings due to an optimised sailing policy is extremely challenging in inland
navigation. The accuracy achieved by comparing journeys directly is strongly limited due to changing conditions. Not only the hydrological parameters like water depth and flow velocity change
permanently, but also the surrounding traffic, the sailing schedule, the experience, awareness and
vigilance of the helmsman and the vessel’s load-case influence energy consumption.
Therefore, DST’s simulation environment, which was already used in Work Package 1 for the
determination of representative operational profiles (see Kelderman et al. (2015)), was adapted
and used to quantify the influence of different sailing policies decoupled from other effects. The
functional scheme of this simulation environment is illustrated in Figure 1 below. The most relevant
determining factors like the waterway information, the vessel performance model and the
boatmaster are linked together. The results can be analysed according to the objective of the
simulation. To quantify the effect of EEN, the sailing policy, i.e. the behaviour of the helmsmen in
terms of engine-rate and corresponding speed choice while sailing, is varied for a representative
journey and the fuel consumptions are compared. Spatially resolved hydrologic data for a specific
discharge condition are used.
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Figure 1: Scheme of the simulations used to quantify the effects of energy-efficient navigation.

Most sailing policies close to the behaviour of real boatmasters like constant rpm or sailing with
almost constant Froude number based on the water depth already imply a speed reduction in shallow sections. To compare the benefits, the following sailing policies were implemented in the
boatmaster model of the simulation environment.
Constant speed over ground can easily be realised by the boatmaster based on the GPS-velocity
information available on all vessels. It is limited to moderate changes in water depth and flow
velocity as the maximum speed of the vessel through water is limited by available power and
hydrodynamic effects. However, this sailing policy offers the easiest way to estimate the time of
arrival at the destination. Constant speed through water seems almost equally simple at first
glance. However, the speed through water is usually not known to the boatmaster in inland
navigation. With the massive influence of the displacement current determined by the waterway
cross section and vessel loading condition there is no standard measurement system available to
sense the relative flow velocity sufficiently far ahead of the vessel. In PROMINENT this is done with
advanced, remote sensing acoustic Doppler sensors on the passenger vessel FGS Symphonie and the
container vessel Monika Deymann (see Chapter 4).
Constant rpm (rate of revolutions per minute) can also be applied on a vessel conveniently as
most engines today are controlled at a set rpm value. A constant power approach is used by some
boatmasters based on the instantaneous fuel consumption computed by the engine-control unit and
displayed on the bridge. However, it requires manual changes of the rpm with rising propeller
torque in reduced water depth.
The constant Froude number based on the water depth can be roughly estimated by visual control
of the vessel’s wave pattern as the Havelock half angle of the wedge is determined by the water
depth at sufficient speeds. A simple optimisation approach that can be implemented without
detailed knowledge of the vessel is the minimisation of the averaged Froude number based on the
water depth for the whole voyage.
When the vessel performance model has all information regarding the vessel and her propulsor(s), a
complex optimisation can be applied to minimise the fuel consumption. At a given sailing time, an
15

optimal solution with minimal fuel consumption is calculated. Therefore, the discretised function
for the fuel consumption
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

� (𝑏𝑏𝑏𝑏 𝑃𝑃𝐷𝐷 𝛥𝛥𝛥𝛥)𝑖𝑖
𝑖𝑖

is minimised with the specific fuel consumption be and the delivered power PD. 𝛥𝛥𝛥𝛥 is the time
sailed.

b. Results
Simulations to quantify the influence of the sailing policy were done for two of the pilot vessels
going upstream on the Rhine between St. Goar (rkm 556.1) and Nierstein (rkm 481.1). For this test
stretch, BAW provided hydrologic data with high spatial resolution. The vessel performance model
was based on the results of dedicated model tests for the passenger vessel FGS Symphonie and the
cargo vessel GMS Monika Deymann (see Appendix A). The mean water level discharge (MW) was used
for the cargo vessel and the equivalent water level (GlW) for the passenger vessel. In the following,
only the results of the cargo vessel are used as examples. Figure 2 shows the water depth averaged
over the width of the fairway for the whole 75.0 km with a resolution of 100 m. For comparison, the
aimed depth 5, which is relevant rather for loading of the vessels than for propulsion, is shown. Due
to the averaging and unevenness of the waterway bottom, the depths are usually higher than the
MW depths at different gauges shown in the red line. The black dotted line represents the averaged
flow velocities at the given discharge conditions.

Figure 2: Water depth (blue) and flow velocity used in the simulations for the cargo vessel.

In combination with the discharge conditions some restrictions, introduced to avoid unrealistic
results, lead to a minimum sailing time of 6.22 h. Manoeuvring and interactions with surrounding
traffic are ignored. All sailing policies give the same results if the highest possible speed leaves no
margin for fuel savings. Increasing the sailing time allows adapting the power and speed to the local
conditions. For identical increase in sailing time each sailing policy results in different overall fuel
consumption. The advanced optimisation gives the lowest possible values and is used as a reference
in Figure 3. The comparison includes the policies constant speed through water (StW), constant
speed over ground (SoG) and constant rate of revolutions (RPM). The plot on the right hand side
shows the impressive fuel saving potential by increasing the sailing time.

5

The “aimed depth” at e.g. MW is the minimum water depth at MW the German waterway authorities seek to provide by
waterway management activities.
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Figure 3: Possible s increases of fuel consumption compared with optimum sailing at a given sailing time (left) and possible
savings of fuel consumption by increased sailing time (right).

Sailing 10 % longer than the minimum possible time results in a reduction of fuel consumption by
30 %. This impressive margin, almost independent of the detailed sailing policy, demonstrates the
importance of voyage planning and the accurate estimation of the arrival time based on detailed
knowledge of vessel and waterway condition. If a boatmaster sails in a fuel-efficient manner for the
first section of a voyage, and he has to increase the speed afterwards to avoid arriving late, the
savings are usually more than undone. The same holds for the opposite approach of collecting a
time buffer in the first part of a trip and sailing slower for the rest.
For other vessels sailing on other stretches and in other discharge conditions, the results may look
significantly different with higher or lower saving potentials. The quality of the results is strongly
coupled to the available data for the vessel and the waterway. Even with the best models some
uncertainty has to be accepted, especially, when the algorithms are used to compute real-time
advice aboard. Propulsive power curves were calculated based on model test results. Though the
extrapolation from scaled tests to full scale operation is a well-proven procedure some influencing
factors were neglected here. The even bottom of the towing tank may have a different impact on
the power demand than the changing river bed. The additional losses due to steering and ship-ship
interaction can at best be included using a flat allowance. Fluctuations in the speed and direction
of the current introduce further uncertainties.
In addition to the use as backend of on-board advisory tools, simulations can help in early design of
new vessels and for the conversion of a drive-train. However, the performance of vessels in
confined waters is extremely diverse, even for same sized vessels. Friedhoff et al. (2017) have
shown speed power profiles for different hull shapes in different water depths. Vessels with similar
performance in one water depth were measured with a factor of two in power demand at another
water depth with similar probability of occurrence. This either causes high uncertainties or
additional costs, when e.g. dedicated model test have to be conducted. For waterways where no
consistent hydrological model exists the barrier to the usage of simulations is even higher.
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c. Additional simulations for two vessel configurations operating on the
Upper Danube
Up to now, no indications regarding the fuel-saving potential with respect to energy-efficient
navigation have been given for vessels sailing on the Danube. In the framework of the Horizon 2020
EU project PROMINENT, a respective assessment was carried out for a Danube vessel sailing
between Regensburg and Budapest on the Upper Danube, using the modelling approach of Via
Donau. All details of the investigation are described in Schweighofer and Suvačarov (2018). The
operational cases comprise:
• operation of a Johann Welker vessel (extended) as pushed convoy consisting of the motor
cargo vessel under consideration and a lighter;
• operation of the motor cargo vessel as single vessel.
The results comprise sailing time and fuel consumption derived for three different constant
delivered power values representing the most significant power range the vessel is being operated,
as well as three different speeds over ground when sailing downstream. The entire set of the
calculations contains seven different delivered power values, not presented in the publication
mentioned above due to space limitations. They were evaluated for 15 characteristic sections of the
Upper Danube when sailing upstream, as well as downstream. The afore-mentioned results were
given for three different water levels: the Low Navigable Water Level (LNWL), an artificial Mean
Water Level (MWL) and the Highest Navigable Water Level (HNWL), and they were combined to
different sailing strategies comprising sailing with different constant brake powers upstream and
speeds over ground downstream.
In all cases considered, the reduction of the brake power and the speed over ground lead to a
significant reduction in fuel consumption, ranging from 8.7 % up to 25.5 %.
The motor cargo vessel in single operation showed an excellent relationship between increase in
sailing time and reduction of fuel consumption. Roughly, one may say that 1 % increase in sailing
time leads to a reduction in fuel consumption by 4 %. The relationship becomes little less favourable
for sailing at HNWL.
For the pushed convoy comprising the motor cargo vessel and the lighter, the reduction in fuel
consumption derived by reduction of the maximum delivered power and the maximum speed over
ground permitted ranged from 8.7 % up to 25.5 %. However, these reductions in fuel consumption
could be achieved only by rather high increases in sailing time, becoming highest for sailing at
HNWL. 1 % increase in sailing time lead to approximately 1.5 % reduction in fuel consumption at
LNWL and MWL.
Considering the composition of the Upper Danube fleet, it could be concluded that the cases
considered were representative for the majority of the Upper Danube fleet. Therefore, a transfer of
the results to the most common ship types of the Upper Danube is possible, provided the
operational profiles, brake powers and sizes are similar.
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3. Tool for energy efficient navigation
a. On-board tool (ENAT)
i.
Description
In short, ENAT produces targeted information to support decision makers (planners, boatmasters) in
balancing between arrival time, navigation speed and fuel usage for dedicated trips and vessels.
Decision makers cannot rely on basic methodology due to the dynamic nature of waterway
conditions, which strongly influences ship energy performance. Therefore extensive modelling with
detailed vessel characteristics and real-time waterway information is required to forecast vessel
performance. The forecast is used to create an optimal speed navigation advice. The advice can be
used in real-time operations to support boatmasters, or on a more tactical level by planners and
possibly on a more strategic level by policy makers.
ENAT combines the PROMINENT ship energy model, described and validated in Abma et al. (2017),
with local navigation conditions of the river to produce the advice. One of the most important
ingredients is to have a good prediction of the water depth and flow velocities the vessel will
encounter on an upcoming trip. The respective water depths and flow velocities are not easily
predicted and vary strongly along the trip. Boatmasters experience such conditions on a daily basis
since the ship speed over ground (SOG) varies continuously, even if the boatmaster does not change
the engine speed. In general, a constant engine speed results in slower speed in shallow water and
higher speeds in deeper water if the flow velocity can be neglected. Ignoring this variability will
negatively influence the fuel consumption. ENAT trades off the advantages and disadvantages due
to river/waterway conditions and produces a fuel consumption forecast with a navigation speed
advice. This makes ENAT most valuable on waterways with spatially and temporarily changing
characteristics, such as changes in water depth, width or changes in flow velocity. These conditions
are mostly found on natural rivers, such as the Rhine and the Danube.
The ENAT tool is also meant to give a constant engine speed advice to the boatmaster, given a
certain arrival time. The total system accuracy is however not yet accurate enough to fulfil this
purpose. The reasons for this are the accuracy of the river models and the influence of the river
bottom roughness. The ENAT tool is suitable as a planning tool to predict fuel consumption as a
function of arrival time. The ENAT tool can also already provide more information to the
boatmaster during sailing such as river depth and flow velocity and recommended average SOG per
section. This will help the boatmaster to operate his vessel efficiently.
Variability in the German Rhine
Flow velocity and water depth are variable along the Rhine, and since ship operational performance
strongly depends on these variables, ENAT needs to take this variability into account when
optimising a trip advice. The variability of the flow velocity can be seen from Figure 4 where it is
plotted for different discharge conditions. When ENAT produces a performance forecast, the water
level gauges on the different stretches of the Rhine are consulted via the available online sources.
These water levels are mapped to the local depths and flow velocities, using the river model
results. Note that, depending on the runoff, water level conditions do not need to be the same
along the whole river, as it takes time for discharge changes to move downstream. This effect is
present in ENAT due to the consolidation of the water level gauges.
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Figure 4: Flow velocities along the Rhine at different discharge conditions according to discharge simulations.

In order make ENAT available for the entire German Rhine, river depth and current are based on
one-dimensional (1D) data from numerical river simulations, available for the German Rhine. Each
advice produced by ENAT depends on the results from these simulations. The success of the
utilization of the river model appears through both the absolute river depth and flow velocity, as
well as the predicted variations along the route. The absolute values of depth and flow velocity
dictate the bulk of the fuel consumption and the engine speed the vessel should use. On the other
hand, the variations of depth and flow velocity are needed to optimize the route on the different
sections.
The utilization of the river model is still being improved, as appears necessary from figure 5. The
figure shows an extracted relief of the water depth measured from the Baden Württemberg,
compared with the model prediction. The figure shows the difference between the water depth
along the river and the water depth at Rhine km 750. As it can be seen, the water depth and
variability reasonably match between 765 km and 785 km, also most of the variability experienced
by the Baden Württemberg is reflected by the model for this part. Outside of the range 765-785 km,
the match is of poor quality, the water depth found by the Baden Württemberg is at least a meter
more than the model indicates. This may be due to different reasons: the vessel may have covered
a non-typical trajectory along the track, or the choice to go for a 1D representation of the fairway
does not meet reality everywhere. The improvement of this match is currently being considered in
order to improve the ENAT predictions.
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Figure 5: Comparison of water-depth difference with respect to the water depth at 750 km for both on-board measurements
and the 1D river model output. On the part 765 km to 782 km, the match seems reasonable, while outside this range the
relief is more distinct. This may be due to the averaged -fairway approach used in the 1D model.

The user interface
The ENAT user interface is a website which is graphically optimised for browsers on mobile devices
such as phones and tablets. When starting ENAT, it is checked if the browser has access to the GPS,
and whether the GPS is turned on. If this is not the case, the user is asked whether he/she agrees to
allow access to the GPS antenna.
The start screen is shown in Figure 6, which appears after the user logs in. On top, the implemented
vessels are listed, which may be more than one vessel per account. First, the vessel that will sail is
selected. As the vessel resistance strongly depends on the draught, the loading condition needs to
be chosen. Depending on whether GPS is enabled, the option “current location” is available. For the
destination, a list of points of interest can be chosen. The list can be extended on request of the
user. Instead of using the GPS, two waypoints may be chosen to define the trip, for which
immediate departure is assumed. The option of two waypoints is especially interesting when the
vessel performance is studied without requiring real time advice, such as during planning. For
planning purposes, there is no need to go to the detailed advice (Figure 7 (right)).
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Figure 6: Route selection requires: choice of ship (A), loading condition (B), start location or GPS (C), destination (D),
desired cruising speed (E) or arrival date and time(F).

Optimising the route takes approximately 15 s, and three (or more) advices are displayed
(Figure 7 (left)). Three options with alternative arrival times and corresponding expected time of
arrival (ETA) (A), fuel consumption (B), NOX (C) and CO2 (D) emissions. From the ETA and fuel
consumption difference, the benefits of slow sailing, or price of fast sailing can be compared.
Tapping/clicking on one of the options opens the route overview on the right.
The advice per section is shown in Figure 7 (right), for an example route. The different forecasted
variables are advised engine speed (A), ship speed (B), expected flow velocity (C) and water depth
(D) corresponding to the waterway data used in the ship performance evaluations. Note: the
provided water depth is not the minimum water depth of the section if e.g. 1D data is used. The
overview of the whole route helps the boatmaster view where strong currents or shallow water will
be encountered, and on which stretches he is expected to catch up again. This information would
otherwise not be available, as currently only the local water depth or keel clearance is available on
board. Because the forecasted local vessel speed is available, together with the arrival times at
which the vessel is expected at waypoints along the route, the boatmaster can check the result with
his actual position and speed. He can then build up confidence in the correct functioning of ENAT
for the particular journey and vessel.
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Figure 7: Left: Three options with alternative arrival times and corresponding expected time of arrival (ETA) (A), fuel use
(B), NOX (C) and CO2 (D) emissions. Tapping/clicking on one of the options opens the route overview on the right. Right:
Section wise overview of the route with advised engine speed (A), ship speed (B), expected flow velocity (C) and water depth
(D) corresponding to the waterway data used in the ship performance evaluations.

Optimisation
In order to model the delivered / required power of the vessel as a function of river conditions, the
translation from river conditions to the delivered power of the vessel is made. This is done via the
interaction with the vessel hull via resistance curves, which are derived from tank tests (see
Appendix A). From the vessel resistance, the translation to the driveline is made using the energy
model developed in Work Package 2 (see Abma et al. (2017) for details), which can handle a large
variation of driveline types such as multiple propellers and hybrid vessels. A schematic overview is
given in Figure 8. Depending on the engine type and emission class installed, NOX and fuel use
forecasts differ.
When the ship driveline is defined, the model first makes a set of runs of the track using different
constant speed-over-ground values. The results of these test runs are first used to optimise the trip
based on constant power, keeping the arrival time as desired. Then the trip is cut into sections
based on constant rpm, while again keeping the arrival time constant. The choice for constant rpm
is made in order to make the advice workable for the boatmaster, as constant power may imply that
the engine speed has to change often. The constant rpm advice is given for sections of several
kilometres (>10-20 km).
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Figure 8: Generic ship energy model for conventional (orange/dashed), full electric (dash dot) and hybrid drives (both). The
extent of electrification depends on the relative dimensioning of the electric part. See Abma et al. (2017) for a detailed
explanation.

ii.
Results of applications
The hardware and software relating to energy-efficient navigation has been successfully developed.
Unfortunately, comparative test runs for validation purposes could not be performed on vessels in
operation during the life-time of PROMINENT so far due to the extensive development work carried
out. However, it was possible to collect some user feedback, being presented in the next section.
Barriers to setting up and usage of the tool
Setting up the tool requires a couple of actions before an advice can be given. The first is the
technical specification of the vessel, which contains the interaction of the vessel with the
environment via the speed-resistance curves for different depths. These curves need to be
determined individually for each distinct vessel type, for example by tank test for different depths.
However, tank tests are expensive and rarely performed for inland navigation vessels. Therefore,
the consideration of alternative ways of estimating the requested resistance curves (or even power
curves) should be taken into account. Then the technical specifications for the propellers,
gearboxes and engine need to be determined. In case of a hybrid vessel, parameters of the
electrical driveline are needed as well, including electromotor and generator sets. Then, if it is the
first time that a vessel (type) is used in ENAT, a comparison needs to be made of the predicted v
vessel performance and propeller speed, with observations of on-board measurements or the
boatmaster’s experience. This is used as a validation of the implementation. As a last action, the
boatmasters need to be instructed and given a login access to ENAT.
If the sailing area of the vessel is not yet available in ENAT, detailed parameters for depth and flow
velocity need to be retrieved. Accordingly, waypoints and routing need to be added to the user
interface. Currently, ENAT is specialised in the German Rhine, while it is desirable to add the Dutch
and Belgian waterways as well. If water levels are not constant, such as in rivers, real time coupling
to conditions may be made using gauges or otherwise. This is of course unnecessary if conditions are
constant such as in lakes or canals.
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iii.
User feedback
As a review of the ENAT tool, two boatmasters were consulted for an extensive interview about
their navigation policies on how ENAT can help them.
Profile boatmaster 1
The first boatmaster sails on a fixed weekly schedule between Rotterdam, Antwerp and Basel. The
vessel is a 110 m container vessel. The vessel is under long term contract of a third party, which
pays the fuel expenses. The boatmaster is personally motivated to keep the ship’s environmental
footprint low, even though he is not directly affected by the fuel bill. The boatmaster has tens of
years of sailing experience.
Navigation
In periods at which the Rhine has a low water level, the cargo load is determined to have a margin
of at least 80 cm with respect to the water level at Kaub. This is done in consultation with the onshore management and the online available water levels. In low water-level conditions, extra care
is taken in shallow sections to avoid rocks (to be hit by the propeller) being dragged into the
propeller. Also low speed must be maintained to avoid touching the river bed due to the squatting
effect. Flow velocity magnitude is not taken into account while making a navigation plan.
In his experience, the Rhine is most important for the planning of the navigation plan. For example,
knowing that in the lower part of the Rhine, the deep water gives the vessel relatively high speeds,
and that the shallow water towards Basel causes the vessel to slow down is essential. Sailing on a
constant engine speed (e.g. 1200 rpm) results in arriving on schedule. This is in contrast with the
tempomat, which tries to achieve constant sailing speed rather than constant rpm, causing the
vessel to increase engine speeds during the trip to Basel.
In comparing ENAT to the day-to-day practice, the boatmaster frequently comes back to unplanned
circumstances that strongly affect the navigation during the day, mostly concerning interaction with
other traffic. The most important are:
• Sometimes the vessel has to wait for another vessel before a bend or narrow point may be
passed. The waiting may take up to half an hour;
• When getting caught up behind a group of slower sailing vessels, the boatmaster can stay
behind the group, sailing at a lower speed and deviate from the original navigation plan.
Alternatively he can overtake the group, choosing for a higher speed for a period of time,
using more fuel. This needs to be done at a significantly higher speed than the group, rather
than creeping past the other vessels;
• In shallow-water conditions, the boatmaster may reduce power/speed to avoid lowering the
water level even more, which may get upcoming traffic into problems due to low keel
clearance. Touching the river bottom must be avoided at all times, especially in the rocky
parts of the Rhine, which are generally also the shallowest parts;
• Considering other vessels that may want to unload at the same terminal, the vessel may
speed up in order to be first at the terminal, avoiding long waiting times in case they are
taken over by a particular concurrent vessel. The boatmaster does not want to be too early
and sail too fast, but he definitely does not want to be late, and risk long waiting times;
• Most of the time, boatmasters have multiple terminals scheduled for loading and unloading
goods. A boatmaster sometimes changes the order of the terminals last minute, to avoid
waiting;
• When sailing with hazardous goods, the vessel has to pass the lock alone. It is then
important to arrive at the lock without competing vessels. The boatmaster changes his
navigation plan such that he arrives at the lock without competition.
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These factors should be included in ENAT to make the advice more comparable to the boatmaster’s
day-to-day reality.
Also an extension of the ENAT tool to a 2D system advice was discussed, which would advise on the
(lateral) position of the river. The boatmaster noticed that from experience the shallow parts are
well known, and they know how to navigate past those parts. Extra assistance is not needed for
this. Furthermore, upstream they will always try to sail in the parts of lowest flow velocities, which
is in the inner bend. Downstream they will always take maximum advantage of the current by
sailing in the outer bend. Efficient navigation advice will not change this choice.
Profile boatmaster 2
This boatmaster sails a 67 m long, 7.15 m wide "verlengde kempenaar”, with a maximum draught of
2.38 m. The vessel sails on the smaller channels and rivers in the Netherlands, Belgium and
Germany. The vessel is privately owned, comprising an independent company. The fuel expenses
are to be paid by the boatmaster, and efficient sailing is, therefore, key to the business success.
Navigation
As the vessel is in the family for more than one generation, efficient navigation practices were
transferred from father to son. This experience concerns the position on the river, and which speed
works well for the vessel in different fairway conditions. He thinks that the ENAT tool would
therefore be more beneficial to new and unexperienced boatmasters, and not to experienced
boatmasters. Only if it can be proven that the software causes an additional saving of 10 % on top of
the current situation, ENAT would be considered. Furthermore, the advice must be kept voluntary
to be followed, and it should not be compulsory.
The boatmaster is furthermore concerned with the privacy aspect that if a tool like ENAT is sold by
a commercial party, data should be anonymised. Otherwise, it may be resold, or coupled to other
information systems. It is however not a problem if the data is used by non-commercial parties for
research purposes.
The advice of ENAT should at least consist of sailing speed, engine rpm, fuel consumption per hour
and arrival and departure times. The first two variables are currently in the ENAT advice. The
resolution of engine speed should not be more precise than 50 rpm. It would be useful to allow
customised departure time in order for the tool to be useful at the moment of trip planning. The
current once-an-hour update of arrival times and advice matches well to take into account events
like waiting for other vessels to pass, slow down due to construction activities on the fairway,
waiting times at locks, etc.
ENAT would become more useful by adding more harbours and mooring locations. Also manual
triggering of an update would be useful. When available, water levels and flow velocities would be
useful to display. 6
About locks it is mentioned that the time when the lock can be entered needs to be taken into
account. If the opposite side of the lock is opened, there is no need to sail fast. On the other hand,
if the lock is opened on your side, there is no need to speed up as it will wait for you to arrive
anyway.

6

This advice was implemented in the ENAT update of May, 2017.
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In addition to efficient navigation, energy and emission saving may be achieved by replacing the
current engines with EURO-6 engines. Although the ship-owner may be willing to replace the
engine, the fuel savings are currently not sufficient to justify such an investment.
A 2D advice on position in the river was also discussed, however, the boatmaster mentioned that
this would not be useful because interaction with other vessels (traffic) is more important in this
respect than fuel use. This may also cause unsafe situations if traffic is not taken into account.

b. Tool for evaluation of ship performance
i.
Description
Ship performance is approached from both efficient navigation as a predictive method, and the
monitoring of performance data as a historical tool. The ship performance evaluation tool has been
split into two components:
the ENAT route planning, based on the algorithms of ENAT;
access to on board measured performance data.
Ideally, these tools would be combined into a single tool that automatically compares the realised
vessel emissions with the modelled performance, though such a system will be complex to be set up
and it will need a lot of maintenance when the on-board monitoring (OBM) system or ENAT tool
changes. Currently, a comparison between the ship performance results of ENAT and the ones of the
OBM system is being performed for the motor cargo vessel Baden Württemberg, using 2D-waterway
data of a Dutch test stretch. Both components contribute directly to raising awareness of the
benefits of modified sailing behaviour.

ii.

Results of applications

ENAT route planning
In the ENAT tool for trip planning, the first two windows are identical to the ones in Figures 6 and 7
(left). The workflow is equal to the workflow for the on-board tool, but instead of the current
location, 2 waypoints are chosen. Then the second screen gives the planner an overview of the fuel
and emissions that will be obtained by sailing e.g. slower.
On-board monitoring (OBM) website
The data from the Smart Emissions Measurement System (SEMS) installations can be accessed by end
users using a website. The main goal of this is to allow users to obtain data easily, giving them
insight in the data that is gathered on board of their vessels. The website provides the following
main functionalities:
• securing of data so that only users with the right permission can access these;
• provision of a summary of average CO2 and NOX emissions per km;
• ability to download per-second data, e.g. CO2/s, for further processing.
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Figure 9: Example of screenshot of OBM results derived for the vessel Aquamyra 1.

Several additional applications are being executed at the time of writing this report:
• Provision of feedback on the ship performance to the boatmasters/ship-owners that have
participated in the on-board monitoring;
• Calculating the impact of measures that change sailing behavior between locks. In the
Netherlands, the first-come-first-serve system is applied at locks (“Toerbeurtsysteem”).
This system encourages boatmasters to sail quite fast towards locks, and then to wait at the
locks. Changing the system to a fixed schedule may prevent these higher sailing speeds and
could reduce the total amount of harmful emissions emitted by the vessels. Therefore,
ENAT is used to quantify the advantage of the newly proposed system, using as test case the
motor cargo vessel Baden Württemberg, as well as 2D waterway data of a Dutch test stretch
including locks;
• Inclusion of additional Dutch waterways that have locks in order to allow for further
evaluations;
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•
•

Provision of concrete numbers on fuel-consumption and emission reduction for optimised
lock passings;
Realisation of a feedback session with barge owners to evaluate the usefulness of the
planning tool. This is planned to be done as soon as soon as the Dutch waterways are
implemented.

While setting up the land based tool, the barriers are practically the same as for the on-board tool,
though there are several differences:
• For the land based tool, the results for total fuel consumption and arrival time are of main
importance. Therefore, the focus is not on the per-section fuel consumption. However, the
per-section optimisation is needed to calculate the totals;
• While boatmasters can activate the on-board tool for a short stretch of the river, the onboard planning tool needs to cover longer trips. Therefore, it needs much more fairway
data, and a system to combine the fairway data into routes.
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4. Shipborne measurements
a. Rhine
i.
Description of measurements performed
The BAW developed an on-board measurement concept to collect, process and transmit
hydrographic data of the river as well as information on the operating status of the engine during
the operation of the vessel. It consists of hydrographic single beam echo sounders (sbes), Acoustic
Doppler Current Profilers (ADCP) and differential GNSS (global navigation satellite system)
receivers, and it was installed on-board of three different vessels. The measurement data is
transmitted to a database by the data acquisition system via UMTS (Universal Mobile
Telecommunications System). For a more detailed description see Appendix A and Schweighofer et
al. (2016).
The following results were mainly evaluated for the test stretch of the river Rhine from km 500 to
560.

Figure 10: Map of test stretch (Rhine-km 500 near Mainz and Rhine-km 560 near St. Goar).

ii.
Results
Results of sbes measurements can be used to investigate the river bed topography. In order to
extract reliable and highly accurate data, corrections like sound speed adaption and pitch/rollcompensation are necessary. If the lateral resolution of the echo sounder data is sufficient, it is
possible to build up a digital terrain model (dtm) based on data from several trips of the vessels.
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The dtm from sbes is a result of over 80 trips of the GMS Monika Deymann accumulated over eleven
months of operation and data sampling, generated for the test stretch.
Figure 11 shows a comparison of the dtm from sbes and a dtm based on professional soundings with
multi beam echo sounders (mbes) from 2014 for the cross-sections of the river Rhine at km 507.5
and 539.2.
It is in very good agreement with the dtm based on mbes as the overall averaged difference
between the two models for the whole test stretch is only 6 cm. The pitch/roll-compensation
improved the dtm based on sbes further reducing the overall averaged difference to 2 cm. With the
measurement concept, developed within the framework of the project PROMINENT, the automated
collection of highly accurate data of river bed topography is possible.

Figure 11: Comparison of a digital terrain model based on professional soundings (mbes) and the sbes results of the GMS
Monika Deymann after eleven months of operation. Measurements at cross sections of the river Rhine at km 507.5 (gravel
bed) and km 539.2 (bedrock). The dashed lines represent the fairway boundaries.

In a next step, the total coverage and the coverage ratio in the fairway were derived from the
echo-sounding data depending on the number of trips of the GMS Monika Deymann. The total
coverage in a cross section describes the width of the measured area within a cross section. The
coverage ratio in the fairway is defined as the ratio between the area within the fairway covered by
measurements to the overall fairway width in a cross section. A value of 100 % means that the
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entire fairway is covered by ship-based measurements. It is possible that a coverage greater than
the fairway width is achieved while the coverage ratio is less than 100 % because sometimes vessels
sail outside of the fairway especially at higher water levels. Both values are increasing with each
trip of the vessel.
Depending on the application different maximum lateral distances (max. point distance) of adjacent
echo-sounder measurements can be tolerated for determining the total coverage and the coverage
ratio in the fairway respectively. A lateral distance of 2.5 to 5 m is considered acceptable as a
navigational aid for the vessels. Scientific purposes such as deriving a digital terrain model from the
measurement data demand a lateral distance of less than 0.5 to 1.0 m.
The evaluation of the data measured over a period of eleven months on-board the GMS Monika
Deymann is available for every cross-section (every 100 m) for the entire river Rhine downstream of
Mainz.

Figure 12: Total coverage in [m] (left) and coverage ratio of fairway in [%] (right) at Rhine-km 507.5 after eleven months of
operation.

Figure 13: Total coverage in [m] (left) and coverage ratio of fairway in [%] (right) at Rhine-km 539.2 after eleven months of
operation.

Figures 12 and 13 show the total coverage and the coverage ratio in the fairway for the crosssections at Rhine-km 507.5 and 539.2.
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After about 40 passages, a coverage ratio of about 70 % of the fairway is achieved in the cross
sections shown in Figures 12 and 13 for a lateral distance between two adjacent echo-sounder
measurements of less than 5 m. A further increase in the number of trips leads to a slightly higher
coverage. For a vessel that sails the test stretch twice a week, 40 passages are equivalent to a
period of 20 weeks. The vessel GMS Monika Deymann is equipped with two built-in navigational echo
sounders and two additional hydrographic echo sounders. These four echo sounders provide data on
the river bed topography for the entire vessel path and, especially, for the outer sides of bends. If
there are fewer echo sounders installed, more trips are needed to achieve the same coverage.
Nevertheless, if more vessels are sailing that area, a majority of the fairway and even the waterway
can be covered in a shorter period of time.
Figure 14 shows the coverage ratio after 80 trips for a maximum lateral distance of two adjacent
echo-sounder measurements of 5 m between Rhine-km 500 and 810. For most of the investigated
area the ratio is in the range of 50 to 90 % tending to increase further downstream. Due to the
greater fairway width the vessel has more space to navigate downstream than in the rather narrow
cross sections of the mountain stretch further upstream.

Figure 14: Coverage ratio [%] of river Rhine fairway (from km 500 to 810) after eleven months of operation of GMS Monika
Deymann.

In the following, results of the flowmeter measurements are described, especially from the one
dimensional horizontal ADCP (1D-ADCP) measurements installed on-board the GMS Monika Deymann,
see Figure 15. The results of the 2D-ADCP were already shown in Schweighofer et al. (2016), see
also Appendix A. The 1D-flowmeter was set up to measure flow velocities from a distance of 5 m up
to 35 m in front of the bow with a resolution of 5 m.
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Figure 15: 1D-flowmeter (FlowScout600) installed in the bow thruster channel of the GMS Monika Deymann.

For validation of the 1D current velocity measurements, results from a 2D-HN-model (TELEMAC 2D)
with a high resolution within the test stretch of the Middle Rhine (Rhine-km 483.5 to 557.5, see
Figure 10) were used. The results of the 2D-HN-model are available for different water levels and
corresponding discharges.
Velocities obtained from the 1D-flowmeter have to be post-processed before further use. The post
processing consists of the correction of the measured velocity values regarding the changes of speed
of sound in water and filtering the data by an internal quality index, derived from the signal-tonoise ratio. Furthermore, outliers have to be removed based on the 3-sigma confidence level. In a
last step a low-pass filter with a moving average of 100 m is applied.
The following Figures 16 and 17 show the comparison of post-processed measured flow velocity data
(red) to the flow velocity from the 2D-HN-model (blue) for the equivalent low water level (GLW)
and the mean water level (MW).
The results at MW in November 2016 are shown in Figure 16. All measurement cells deliver reliable
results for the magnitude of current velocity. Exemplary, the results measured at a distance of 17.5
m in front of the bow of GMS Monika Deymann are shown. The 1D results are in good agreement
with the 2D-HN-model. The maximum deviation from converting the flow velocities from the 2D-HNmodel in the ship’s path into a 1D component is estimated to be 0.1 m/s within the test stretch.
Another error occurs from the fact that the flow velocities are underestimated especially in bends
when using a 1D-measuring device.
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Figure 16: Comparison of 1D flow velocities measured 17.5 m in front of the bow (red) and 2D modelled flow velocities (blue)
at MW (Level Kaub: 224 cm). Top panel: GMS Monika Deymann sailing upstream at November 21st 2016 (Level Kaub: 224 cm);
Bottom panel: GMS Monika Deymann sailing downstream at November 22nd 2016 (Level Kaub: 232 cm).

Figure 17 shows the flow velocities at GlW in October 2016. The draught of GMS Monika Deymann
was around 1.60 m due to the small water depths. Therefore, small under keel clearances occurred
together with a small immersion depth of the 1D-ADCP. Under these conditions, most measurement
cells do not deliver reliable results for the magnitude of the current velocities if the vessel is sailing
upstream, see Figure 17. The analysis of the measurement data suggested that the quality of the
velocity data is mainly determined by the ratio between water depth and the immersion depth of
the 1D-ADCP. If the vessel’s draught and, consequently, the immersion depth of the 1D-ADCP, which
is situated 0.9 m above the keel, was small and the return current velocity is increasing, which
happens in case of small water depth when sailing upstream, measuring the flow velocity was not
possible in some parts of the test stretch. For the chosen mounting position of the 1D-ADCP an
immersion depth of more than 1 m and an under keel clearance of the vessel of more than 1.5 m
have proved to be ideal. This corresponds to a draught of about 2 m and a mean water level within
the test stretch. Other potential sources for the poor quality of the measured data are the
fluctuating and non-steady bow wave system as well as the higher flow velocities around the bow
introducing air. Air bubbles can cause incorrect measurements or a poor data quality at the
flowmeter and also the echo sounders at the bow.
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Figure 17: Comparison of 1D current velocities measured 17.5 m in front of the bow (red) and 2D modelled flow velocities
(blue) at GlW (Level Kaub: 78 cm).Top panel: GMS Monika Deymann sailing upstream at October 10th 2016 (Level Kaub: 82
cm); Bottom panel: GMS Monika Deymann sailing downstream at October 11th 2016 (Level Kaub: 82 cm).

The mounting position of the 1D-ADCP at the bow of the vessel also has a huge influence on the
device’s security and its maintenance effort. The installation of the 1D-ADCP on-board GMS Monika
Deymann within the bow thruster channel has proven its reliability, because the device is normally
protected by a water cushion. In case of bow thruster use, no measurements can be made but the
device is also cleaned from bio-fouling because of the high flow velocities. Figure 18 shows the 1D(left) and 2D-ADCP installed on FGS Symphonie (right) after ten months of operation. Within the
first 10 months of operation of the 2D-ADCP on FGS Symphonie, the device was damaged by flotsam
once. Until now, there was no damage of the flowmeter on GMS Monika Deymann. Due to the
chosen location in the bow thruster channel, it is possible to access the sensor without a diver in
case the vessel is empty.
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Figure 18: LINKQUEST FlowScout (1D-ADCP, GMS Monika Deymann, left side) and NORTEK Aquadopp (2D-ADCP, FGS
Symphonie, right side) after 10 months of operation.

All collected hydrographical (echo sounder and flowmeter) and engine data are provided online (via
argodataportal, see Figure 19) and on-board (via an additional display on vessel’s bridge) in
realtime to the boatmaster and the shipping company.

Figure 19: Online data portal (argodataportal). Left: Hydrographical data like current velocities in front of the bow, under
keel clearances and navigational variables like heading, course, speed over ground and rate of turn. Middle: Information from
loading sensors (draught, pitch, roll). Right: Information from the main engine like number of revolutions, oil temperatures
and fuel consumption.

b. Danube
i.
Description of measurements performed
There are ten vessels navigating the Danube equipped with depth and flow sensors (Figure 20). The
information on water depth and flow velocity is collected together with the one on vessel position
and engine parameters. The collected information is transferred to a central database ashore. For
details see Appendix A or Schweighofer et al. (2016). The installations were implemented already in
an early stage of the PROMINENT project, leading to a dataset of more than 100 000 hours of
monitoring data, collected over a period of two years. The data was extensively analysed for
establishment of the vessel performance data presented in Van Mensch et al. (2017), and it is used
here in order to evaluate its applicability to improved navigation and waterway maintenance.
The Danube is in various ways different from the Rhine. The Danube crosses ten countries, while the
Rhine crosses mainly Germany and the Netherlands (“de Waal”). The traffic is less intense, and
operation of convoys comprising pushers and lighters plays a significant role. The efforts with
respect to monitoring and maintenance differ from country to country, while water levels are often
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too low in order to allow for maximum loading of vessels, especially, in areas referred to as
bottlenecks. Anticipating on such unfavourable navigation conditions is, however, the key in order
to allow for safe, efficient and reliable transport over the Danube. The large dataset gathered in
this pilot explores the feasibility of utilising it in improving the monitoring of water depths at the
Danube bottlenecks. It may be used to anticipate on low water depths at the bottlenecks in order to
detect areas where maintenance may be required, as well as, in a further step, once the reliability
of the information provided is known, in order to plan the amount of cargo to be taken on-board a
vessel. Therefore, this pilot tries to answer the following questions:
• How can the on board measurements be used to estimate the fairway depth?
• Are the results obtained plausible and accurate?
• Which additional information sources are needed?
• How can the results be communicated effectively to end users?
This is done for the bottleneck located near the Romanian city of Corabia where a water level gauge
is located on the shore. The results of the on-board measurements are referred to the respective
gauge readings in this investigation. The water level changes in the fairway are assumed to be equal
to the ones at the gauge, e.g. a change of 1 m at the gauge means a change of 1 m in the fairway.

Figure 20: Arrangement of the measuring device (sensors), the transmitter unit, the receiver unit and the GPRS transmitting
unit on board a NAVROM vessel.

Data quality
The large dataset contains monitoring data from a long period, and, therefore, it corresponds to a
large variety of river and cargo conditions. Not all measurements were found valid or useful for
further processing. The main reasons for removing data from the dataset were:
• The sensor indicated that the water depth could not be obtained correctly (by giving a
default value for an invalid water depth H < 2m or >50m);
• The depth values remained constant for a long time period; 30 minutes were taken as
maximum period. This occurred when the vessel appeared to be moored.
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The amount of valid observations varies strongly per installation, from more than 28 % for the
Mercur 304 to almost none for the Mercur 306 (Table 1). The vessel Jasper was measured as well but
the observations did not yield any useful points.
Table 1: Data collection statistics for the NAVROM vessels. The percentage of valid data (% remaining) strongly depends on
the respective installation.

Ship name

Observations

Mercur 304
Anina
Mercur 303
Mercur 207
Mercur 305
Mercur 301
Mercur 206
Rovinari 8
Mercur 205
Mercur 306

663410
533401
567220
686516
705790
398172
637462
685597
683047
637711

Total
hours

11057
8890
9454
11442
11763
6636
10624
11427
11384
10629

Valid hours

3162
2512
2478
2828
2451
1056
652
379
259
7

%
remaining

28.60
28.26
26.21
24.71
20.84
15.91
6.13
3.32
2.27
0.06

%
removed

71.40
71.74
73.79
75.29
79.16
84.09
93.87
96.68
97.73
99.94

For the Gauge at Corabia, water levels were made available between January, 2016, and April 10th,
2017. The number of passings per vessel is shown in Table 2.
Table 2: Counted number of Corabia passings in total (before October 17th, 2017) and correlated with gauge values (before
April 10th, 2017)

Anina
Mercur 205
Mercur 206
Mercur 207
Mercur 301
Mercur 303
Mercur 304
Mercur 305
Jasper
Rovinari 8
Mercur 306
ii.

Total passings
5
1
10
12
12
17
16
6
0
0
0

Passings before April 10th, 2017
5
1
6
5
10
13
10
5
0
0
0

Results

Webinterface
The goal of the tool is to provide a day-to-day estimation of the navigation conditions at the Danube
bottleneck at Corabia. Currently, only depth information is provided, giving an idea of the
topography of the fairway. The webinterface presented below utilises the correlation between the
changes of the water depth in the fairway and the ones of the water level recorded by the gauge.
The profile reveals shallowest parts of the river and gives more detailed information about the
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exact locations of the critical points. For every 100 meters of the test section, the current water
depth is presented.
The tool works as follows (Figure 21): The actual water depth profile is found by visiting the website
www.iwtnavigator.eu. This website hosts the “Danube depths tool”. With each visit, a request is
made to the TNO server to check for updates on the depth estimation. This server, then, combines
the current water level obtained from the gauge with the pre-calculated profile of the riverbed to
determine the present water depth at Corabia. The updated results for the water depth are sent
back to the iwtnavigator.eu and shown on the website as displayed in Figure 22.

Figure 21: Graphical representation of the dependencies in the “Danube depths tool”.

The map displays the city of Corabia and the part of the Danube situated near this city. The border
between Romania and Bulgaria is indicated as well. The red line represents the average route that
the vessels use to pass this section, which corresponds to the fairway. Since the depth profile is
defined in a high (100m) resolution, numerical depth values can be obtained by tapping/clicking on
the map or graph, which will activate a popup screen. The lowest graph is used to keep overview of
the whole section when the user zooms in, which is especially useful when accessing the website
with mobile devices. It allows for scrolling and zooming out.
The date of the last profile update is shown on the top left. This is important since the values on
the website might not be accurate when the gauge value is not up-to-date. Furthermore, at the top
of the website the shallowest depths are displayed to warn about the most critical points of the
Corabia section. These values are defined such that only 5 % of the observations would lie below
these values, and they can be considered to be the lowest values to be expected, though shallower
water may be encountered with a 5 % likelihood.
The red bar will only be replaced with a link to sources with more information about the shallow
water conditions when water levels are low during a period 7.

7

For example http://www.danubeportal.com
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Figure 22: Screenshot of the “Danube depths tool”. The upper figure shows the average route, the vessels were sailing. In
the lower figure, the horizontal axis displays the river kilometres, and the vertical axis displays the latest water depths
derived from the on-board measurements performed. The average water depth is presented by the solid line in the graph.
The shaded area represents the bandwidths of the water depths in the fairway at the considered river kilometres.

Plausibility check of the results obtained by the on-board measurements
In Table 3, the water depths in relation to the zero reading of the gauge at Corabia are presented
for six selected locations. The results of the on-board measurements (06.11.2017) are compared
with surveying results (single beam) derived by the Romanian waterway authority AFDJ (06.07.2017
and 31.08.2017). The locations used for the plausibility check are shown in Fig.23. The comparison
is performed for minimum, maximum and average values of the water depth.
The minimum values of the water depth derived by the on-board measurements deviate from the
surveying results by 0.2 m up to 0.8 m.
The maximum values of the water depth derived by the on-board measurements deviate from the
surveying results by 0.0 m up to 1.0 m.
The average values of the water depth derived by the on-board measurements deviate from the
surveying results by 0.1 m up to 0.6 m.
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In general, the on-board measurements give plausible results. The agreement with the surveying
results is good at several points, although at some points maximum deviations of up to 1 m occur.
The deviations may be explained by the following circumstances:
• The on-board measurements were not corrected for sinkage and trim, leading most likely to
smaller values of the water depth estimated;
• The on-board measurements cover laterally a greater part of the fairway, while the
surveying results are given only for three points in the cross section of the fairway (left,
centre, right), resulting in different local minima and maxima;
• The on-board measurements cover a time period of more than one year, resulting in
consideration of morphological changes over the time period considered, while the
surveying results are given for a single moment, describing an instantaneous topography of
the river bed.
In order to be able to perform a proper validation of the on-board results obtained, a comparison of
the on-board results with surveying results is recommended to be carried out, covering identical
measurement points and minimal time differences between the measurement campaigns. Currently,
it may be concluded that the on-board measurements give plausible results, and the accuracy seems
to be sufficient for provision of a good qualitative description of the longitudinal river-bed profile,
showing where potential critical spots are located to be undertaken a closer examination by the
responsible waterway authority.
Table 3: Comparison of water depths in relation to the zero reading of the gauge at Corabia at six selected locations. The
surveying results obtained by the Romanian waterway authority AFDJ are denoted by 06.07.2017 and 31.08.2017, the ones
derived from the measurements on board the NAVROM vessels are denoted 06.11.2017 (equal to the date the
www.iwtnavigator.eu was accessed).
Water depth in metres
Date of

Location 1

Location 2

Location 3

Location 4

Location 5

Location 6

3.3
3.3
2.5
3.5
3.4
3.6
3.4
3.4
3.0

3.3
2.6

3.2
3.3
3.0
3.9
4.6
4.6
3.5
3.8
3.7

3.0

3.8
3.7
3.1
4.0
4.1
4.2
3.9
3.9
3.7

4.2
4.2
4.6
7.5
7.0
6.5
5.9
5.7
5.3

measurement

06.07.2017
31.08.2017
06.11.2017
06.07.2017
31.08.2017
06.11.2017
06.07.2017
31.08.2017
06.11.2017

Min.
Min.
Min.
Max.
Max.
Max.
Avg.
Avg.
Avg.

4.8
5.0
4.2
4.1

2.7
3.7
3.9
3.4
3.3
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Figure 23: Locations used for the plausibility check of the water-depth results derived from the measurements carried out on
board the NAVROM vessels. The chart represents surveying results of the Romanian waterway authority AFDJ. The waterdepth information is given for the left side, the centre and the right side of the fairway in numbers (fairway = white lane).

iii.
Usage by the ship owner NAVROM
According to NAVROM, the equipment installed on the vessels involved in the PROMINENT project
provides a great number of useful data which is successfully used. More in detail:
• The information transmitted by the water-depth and the water-speed sensors is transmitted
to the vessel’s wheelhouse where the boatmaster can see the data in real time. It is
important that the measured depth is the one at the bow of the convoy;
• The Ships’ Monitoring Department of NAVROM, using the Tresco webserver, makes also use
of the data. Especially the one related to the depth of the water in difficult navigation
areas of the Danube is of great interest. This information can also be accessed by members
of the vessel by logging in to the webserver. Each vessel participating in the measurement
campaign becomes a provider of information to the database (webserver);
• Very important information provided by the equipment are the real-time geographic
location of the vessel's position (LOG, LAT), the vessel's speed over ground (SOG) and the
navigation history;
• In addition, the data transmitted from the propulsion engines of the vessels are used to
assess fuel consumption and the percentage of use of engine power in difficult areas of
navigation. The boatmaster can be alerted whenever a speed overrun on the propeller shaft
is observed, knowing that fuel consumption increases exponentially over a certain rotational
speed (over 1400 rpm);
• Taking into account the navigation parameters on the Danube in the lower sectors, it is
important to know the direction and the value of the water currents, especially, when the
vessels are operated in a convoy comprising many lighters. The respective information is
taken from the water-speed sensor.
Information on the implementation and operational costs of the system implemented to be covered
by the vessel owner is given in Appendix A.
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5. Conclusions
a. Simulations
The evaluation of fuel-consumption savings achieved by an optimised sailing policy is extremely
challenging in inland navigation as it depends on continuously changing framework conditions like
hydrological parameters (water depth, flow velocity, etc.), the surrounding traffic, the sailing
schedule and the vessel’s load-case, influencing the fuel consumption. Performing simulations
contribute to the approximate quantification of these savings.
i.
Rhine
DST’s simulation environment was adapted and used to quantify the influence of different sailing
policies on fuel consumption decoupled from other effects. The vessels considered were the
passenger vessel FGS Symphony and the motor cargo vessel Monika Deymann. Five different sailing
policies were investigated comprising:
• sailing with constant speed through water;
• sailing with constant speed over ground;
• (sailing with constant delivered power, see Appendix A;)
• sailing with constant rate of revolutions (rpm);
• (sailing with minimised average Froude number based on the water depth (Fnh 8), see
Appendix A).
The simulations revealed that sailing with constant speed through water or constant speed over
ground results in the most significant fuel savings, depending on the sailing duration permitted. For
the Monika Deymann, the simulations revealed also that sailing 10 % longer than the minimum
possible time results in a reduction of fuel consumption by 30 %.
ii.
Danube
An assessment of the fuel-consumption-reduction potential was carried out for a Danube vessel
sailing between Regensburg and Budapest on the Upper Danube, using the modelling approach of via
donau. The operational cases comprise:
• operation of a Johann Welker vessel (extended) as pushed convoy consisting of the motor
cargo vessel under consideration and a lighter;
• operation of the motor cargo vessel as single vessel.
In all cases considered, the reduction of the brake power and the speed over ground lead to a
significant reduction in fuel consumption, ranging from 8.7 % up to 25.5 %.
The motor cargo vessel in single operation showed an excellent relationship between increase in
sailing time and reduction of fuel consumption. Roughly, one may say that 1 % increase in sailing
time leads to a reduction in fuel consumption by 4 %. The relationship becomes little less favourable
for sailing at the highest navigable water level (HNWL).
For the pushed convoy comprising the motor cargo vessel and the lighter, the reductions in fuel
consumption could be achieved only by rather high increases in sailing time, becoming highest for

8

Fnh = ship speed through water/(gravity constant • water depth)0.5
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sailing at HNWL. 1 % Increase in sailing time leads to approximately 1.5 % reduction in fuel
consumption at the low navigable water level (LNWL) and an artificial mean water level (MWL).
Simulation is no measure to increase the energy efficiency of inland waterway transport by itself.
The results for fuel consumptions corresponding to different sailing policies and average speeds
demonstrate the importance of deliberate voyage planning and smart sailing. They can be used to
make people like the crew sailing aboard or the schedulers ashore aware of these saving potentials.
Increasing awareness and making use of detailed real-time waterway data in tools like the ENAT app
can help significantly to improve the energy-efficiency in inland waterway transport. The
availability of consistent waterway models with open access to real-time data is of utmost
importance. Once these are available with sufficient quality, on-board tools with basic self-learning
capabilities can combine these real-time data with parameters available from sensors aboard most
vessels to assist in voyage planning and smart sailing. When advanced sensor systems are no longer
required and generic vessel performance models can be fitted automatically in daily operation, the
major barriers for advisory tools are resolved. This generation of assistance systems could be
implemented at moderate costs and widely used in the existing fleet. Blended learning scenarios
including simulations and ship handling simulators are available today and can immediately add to
the impact of initial and vocational trainings.

b. Tool for energy-efficient navigation
i.
On-board tool (ENAT)
A user friendly web interface was developed to help boatmasters or trip planners estimate fuel use
and NOX emissions for an upcoming trip, including alternative arrival times for corresponding fuel
savings. Boatmasters can be provided with track advice in real time. The website connects to a
simulation model that combines the technical specifications of the vessel with water conditions
along the track, and optimises the track based on fuel consumption. This level of detail is needed as
vessel performance strongly depends on the vessel type and specific design, as well as waterway
conditions. The dependency between vessel and environment requires high quality input data, for
which still improvement needs to be made in order to give reliable advice on the Rhine. Relating to
the vessel, the resistance curves used for the evaluation of the vessel performance, were derived
from dedicated model tests described in Appendix A. However, model tests are expensive and rarely
performed for inland navigation vessels. Therefore, the consideration of alternative ways of
estimating the requested resistance curves (or even power curves) should be taken into account.
Relating to the usage of waterway data, improved input relating to at least the water depth and
flow velocities seems to be necessary. The usage of 1D data is simple, but it seems to introduce
local errors in the vessel performance evaluations.
During the development of ENAT, different boatmasters were consulted to validate the usefulness
of the advice, and implement the feedback in the tool. This resulted in the display of local depth
and flow velocity used as input to the calculations, which was not present in the first ENAT version.
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Interviews
In particular, two very distinct boatmasters were extensively consulted with respect to the ENAT
tool. In general, they acknowledge the importance of efficient navigation for the environmental
impact of their business. The parameters that are presented to the boatmaster match generally
with the choices that they can make with respect to engine speed and sailing speed. However, they
notice that there are still features lacking which they find essential in their daily operations, mostly
concerning interaction with other traffic and lock passing. Furthermore, they indicate that they
know from experience and their personal interest how to limit fuel consumption and, therefore,
they recommend aiming at unexperienced boatmasters as a target audience for ENAT. ENAT has to
be very reliable and proven with respect to fuel savings and operations before they would consider
using it.

ii.
Tool for evaluation of ship performance
Ship performance is approached from both efficient navigation as a predictive method, and the
monitoring of performance data as a historical tool. The ship performance evaluation tool has been
split into two components:
• the ENAT route planning, based on the algorithms of ENAT;
• access to on board measured performance data.
In the ENAT tool for trip planning, the workflow is equal to the one of the on-board tool, but
instead of the current location, 2 waypoints are chosen. The result will be an overview of the fuel
consumption and emissions that will be obtained by sailing according to the choice made, e.g. by
sailing slower.
The data from the Smart Emissions Measurement System (SEMS) installations can be accessed by end
users using a website. The website provides the following main functionalities:
• securing of data so that only users with the right permission can access these;
• provision of a summary of average CO2 and NOX emissions per km;
• ability to download per-second data, e.g. CO2/s, for further processing.
Currently, a comparison between the ship performance results of ENAT and the ones of the onboard monitoring (OBM) system is being performed for the motor cargo vessel “Baden
Württemberg”, using 2D-waterway data of a Dutch test stretch. Both components contribute
directly to raising awareness of the benefits of modified sailing behaviour. In addition, for this
vessel, an evaluation of the impact of measures changing the sailing behaviour between locks is
performed.
While setting up the land based tool, the barriers are practically the same as for the on-board tool,
though there are several differences:
• For the land based tool, the results for total fuel consumption and arrival time are of main
importance. Therefore, the focus is not on the per-section fuel consumption. However, the
per-section optimization is needed in order to calculate the total fuel consumption.
• While boatmasters can activate the on-board tool for a short stretch of the river, the onboard planning tool needs to cover longer trips. Therefore, it needs much more fairway
data, and a system to combine the fairway data into routes.

46

c. Shipborne measurements
i.
Rhine
The first time, a highly accurate single beam echo-sounder technology was applied in commercial
vessels, using the technology and following the principles of professional surveying. A similar
approach was used in the Newada duo project funded by the South East Europe Transnational
Cooperation Programme of the European Union, Hartl and Radl (2014). However, in Newada duo,
the vessels used were surveying vessels in contrast to the ones considered in PROMINENT.
Echo sounding results deliver reliable data of the river bed topography. After only one year of
operation of one vessel an average coverage of the fairway with echo sounding data in the German
part of the river Rhine of 70 % was achieved. The methodology used provides highly accurate and
up-to-date data on bed elevation in the fairway. If several vessels are equipped with appropriate
measurement techniques, navigational relevant data can be collected in short time periods and over
large areas of the fairway. In a next step, a workflow for an automatic plausibility check and
processing of the collected data has to be developed and this data has to be provided to the
boatmasters or shipping companies in a suitable manner.
Both ADCPs (1D and 2D) provide current velocities within the vessel’s path. The use of 2D-ADCPs for
this task improves the data accuracy especially in bends. The quality of the current velocity results
are affected by the immersion depth of the device, the distance between the ADCP and the bottom,
the velocity against water and the beam spreading. The effort for plausibility checks and postprocessing of ADCP data is higher than for the echo sounding data.

ii.
Danube
Since January 2016, on board monitoring has been taking place for a group of ten vessels of the
Romanian shipping company NAVROM sailing mainly on the Middle and Lower Danube. The
measurements performed aimed at analysing the engine performance of the vessels and navigation
conditions such as waterway depth and flow velocities. The measurements collected were stored in
a database with over 100 000 hours of data utilised in this pilot for estimation of the waterway
depths at the city of Corabia in Romania, which is considered a bottleneck due to the shallowness of
the Danube there.
In general, the on-board measurements give plausible results. The agreement with the surveying
results (single beam) is good at several points, although at some points maximum deviations of up
to 1 m occur. The deviations may be explained by lack of consideration of sinkage and trim of the
vessels, different densities of measurement points across the fairway as well as different time
periods between the on-board measurements and the surveying results.
For a proper validation of the on-board results obtained, a comparison of the on-board results with
surveying results is recommended to be carried out, covering identical measurement points and
minimal time differences between the measurement campaigns. Currently, it may be concluded
that the on-board measurements give plausible results, and the accuracy seems to be sufficient for
provision of a good qualitative description of the longitudinal river-bed profile, showing where
potential critical spots are located to be undertaken a closer examination by the responsible
waterway authority, this way, assisting the waterway authority in detection of locations where
maintenance activities are eventually to be carried out. At this stage, a valid conclusion regarding
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the application of the tool developed for estimation of the maximum cargo to be loaded cannot be
made.
The usefulness of the data and the quality of the depth estimates indicate that the method
developed may be suitable to be used in other bottlenecks of the Danube as well. However, the
condition is that sufficient vessel passings with measurements of the respective bottleneck will be
available, and that the fairway is not too wide in order to obtain good averages. Basically, this can
be done already with the ten NAVROM vessels equipped with the PROMINENT measurement
technology. The main efforts will relate to the inclusion of a great number of gauges including the
referencing of the respective local measurements to the respective gauge readings.
Finally, in a further step, it may be thought of extending the procedure for the creation of a
waterway map with depth contours, demanding, however, a significant amount of efforts and
resources.
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4. Pilot on energy-efficient navigation
a. Simulations
The evaluation of savings achieved by an optimised sailing policy is extremely challenging in inland
navigation. The accuracy achieved by comparing voyages directly is strongly limited due to changing
conditions. Not only the hydrological parameters like water depth and flow velocity change
permanently, but also the surrounding traffic, the sailing schedule and the ship’s load-case
influence the energy consumption. Therefore, DST’s simulation environment was adapted and used
to quantify the influence of different sailing policies decoupled from other effects.
It is a well-known fact that a vessel sails more fuel- and cost-efficient in confined waters when the
speed is varied according to the local water depth. The disproportionate rise of power demand and
fuel consumption is significantly pronounced by shallow-water effects. Fuel can be saved by sailing
slower in sections with less water depth and compensation of the loss in time by going faster in
deep water to keep the sailing time of the entire voyage constant. Most sailing policies close to the
behaviour of real boatmasters like constant rpm or sailing with almost constant Froude number 9
based on the water depth already imply a speed reduction in shallow sections. To compare the
benefits, the following sailing policies were implemented in the boatmaster model of the simulation
environment.
Constant speed over ground can be easily realised by the boatmaster based on the GPS velocity
available on all vessels. It is limited to moderate changes in water depth and flow velocity as the
maximum speed of the vessel through water is limited by available power and hydrodynamic
effects. However, this sailing policy offers the easiest way to estimate the time of arrival at the
destination. Constant speed through water seems almost as simple at first glance. However, the
speed through water is usually not known to the boatmaster in inland navigation. With the massive
influence of the displacement current determined by the waterway cross section and ship loading
condition there is no standard measurement system available to sense the relative flow velocity
sufficiently far ahead of the vessel. In the PROMINENT pilot, this is done with advanced, remote
sensing acoustic Doppler sensors on the passenger vessel FGS Symphonie and the container vessel
Monika Deymann (see Section 4 e).
Constant rpm can also be applied on a vessel conveniently as most engines today are controlled at a
set rpm value. Constant power approach is used by some boatmasters based on the instantaneous
fuel consumption computed by the engine-control unit and displayed on the bridge. However, it
requires manual changes of the rpm with rising propeller torque in reduced water depth. Constant
Froude number based on the water depth can be roughly estimated by visual control of the vessel’s
wave pattern as the Havelock half angle of the wedge is determined by the water depth at
sufficient speeds. A simple optimisation approach that can be implemented without detailed
knowledge of the vessel is the minimisation of the averaged Froude number based on the water
depth for the whole voyage. When the ship performance model has all information regarding the
vessel and her propulsor(s), a complex optimisation can be applied to minimise the fuel
consumption.

9

Froude number based on the water depth = ship speed through water/(gravity constant • water depth)0.5
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At a given sailing time, an optimal solution with minimal fuel consumption is calculated. Therefore,
the discretised function for the fuel consumption:

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

� (𝑏𝑏𝑏𝑏 𝑃𝑃𝑃𝑃 𝛥𝛥𝛥𝛥)𝑖𝑖
𝑖𝑖

is minimised with the specific fuel consumption be and the delivered power PD.
The influence of sailing policy was evaluated for the Rhine test stretch between St. Goar (rkm
556.1) and Nierstein (rkm 481.1). It was chosen as BAW provided high resolution 2D data (see
Appendix A) for this stretch, which is not available in most other parts of the river today. This
waterway data was combined with ship performance model data from dedicated model tests (see
Section b of this chapter), and they were used to simulate the upstream voyages of the passenger
vessel FGS Symphonie and the cargo vessel Monika Deymann on this 75.0 km long stretch. The mean
water level (MW) discharge was used for the cargo vessel and the equivalent water level (GlW)
discharge for the passenger vessel. Figure 11 shows the water depth averaged over the width of the
fairway corresponding to the equivalent water level for the whole 75.0 km with a resolution of 100
m as provided by BAW (“water depth”). In addition, for comparison, the “aimed depth” 10, relevant
rather for loading of the vessels than for propulsion, is shown, too. Figure 12 gives the
corresponding data for the mean water level. Due to the averaging and unevenness of the waterway
bottom, the depths are usually higher than the “aimed depths” at different gauges shown by the
red line. The black dotted line represents the averaged flow velocities at the given discharge
conditions (flow velocity).

Figure 11: Water depth and flow velocities used in the simulations for the passenger vessel Symphonie (blue and black lines).

10

The “aimed depth” at e.g. GlW is the minimum water depth at GlW the German waterway authorities seek to provide by
waterway management activities.
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Figure12: Water depth and flow velocities corresponding to MW discharge used in the simulations for the Monika Deymann
(blue and black lines).

Propulsive power curves were calculated based on the model test results. Wake fraction, open
water characteristics and thrust deduction were estimated for the passenger vessel to derive rpm
and power. For the cargo vessel, self-propulsion tests were performed at some water depths in
DST’s shallow water basin. To avoid unrealistic results, some restrictive conditions were introduced.
Besides the power capacity of the engines, the speed of the passenger vessel was limited by a
maximum Froude number based on the water depth and the speed through the water Frh = 0.75. For
the Monika Deymann, Frh=0.7 was used. A minimum velocity was defined with 5 km/h both over
ground and through the water. These limits in combination with the given discharge conditions lead
to a minimum calculated sailing time of 6.77 h for the passenger vessel and 6.22 h for the cargo
vessel at higher water depth. Manoeuvring and surrounding traffic were ignored here. All sailing
policies gave the same results, and no margin for fuel savings was left, as in all sections the speed
was kept at the upper limit.
Increasing the sailing time, i. e. sailing slower on average, allows adapting the power and
corresponding speeds to the local environmental conditions. For the same increase in sailing time
each sailing policy results now in different overall fuel consumption. The advanced optimisation
results in the lowest possible values. Figure 13 shows the possible savings of this approach over a
variation of sailing time for the container vessel Monika Deymann. The comparison includes the
policies constant speed through water (StW), constant speed over ground (SoG), constant delivered
power (PD), constant rate of revolutions (RPM) and the minimised average Froude number 11 based
on the water depth (Frh avg). Results for the passenger vessel at reduced water depth are similar.
However, due to the smaller draught the possible savings are smaller.

11

The average Froude number based on the water depth is the arithmetic or weighted mean of the Froude numbers based on
the water depth corresponding to each section (e.g. with a section length of 100m) of the discretised stretch considered.
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Figure13: Possible savings of fuel at a given sailing time in percent.

Figure14: Variation of the speed over ground for the policies constant SoG and after optimisation.

Increasing the sailing time helps to reduce fuel costs in general. Figure 15 shows the fuel savings
plotted against the increase in sailing time for optimised voyages of the container vessel Monika
Deymann. Sailing 10 % longer than the minimum possible time results in a reduction of fuel
consumption by 30 %. This impressive margin demonstrates the importance of voyage planning and
the accurate estimation of the arrival time based on detailed knowledge of ship and waterway
condition. If a boatmaster sails in a fuel-efficient manner for the first section of a voyage, and he
has to increase the speed later to avoid arriving late, the savings are usually more than undone. The
same holds for the opposite approach of collecting a time buffer in the first part of a trip.
Increasing awareness of these effects and making use of detailed real-time waterway data in tools
like the Efficient-Navigation-Tool (ENAT) app can also contribute significantly to increasing the
energy efficiency in inland waterway transport.

Figure15: Possible saving of fuel consumption with increasing sailing time for the voyage from St.Goar to Nierstein.
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b. Towing tank tests carried out for evaluation of ship performance
The advanced optimisation of the sailing policy in terms of energy-efficient navigation requires a
detailed ship performance model. To evaluate the consumed fuel for each discretised section of the
voyage, detailed waterway data and the speed-power profiles of the vessel are required. The power
demand and the corresponding fuel consumption are determined by numerous factors including
speed and loading condition, as well as the dominant external factors water depth and flow
velocity. To be able to quantify the savings and to get the maximum benefit out of the pilot on
energy-efficient navigation extensive model tests were conducted for the three pilot vessels on the
Rhine at DST’s test facilities.
As the ship model implemented by TNO in the ENAT is based on the vessel’s resistance and all
components of the propulsion system are modelled afterwards, most test runs were used for model
resistance tests. However, the calculation of the fuel consumption and corresponding propulsive
power requires information about the interaction of the hull and the propulsor. Therefore, for the
motor cargo vessel Baden Wuerttemberg and the container vessel Monika Deymann also model selfpropulsion and open water tests were done. Facilities, models, test procedures and results are
described in the following.

i.
Models
For the three pilot vessels operating on the Rhine wooden models were built at DST’s workshops in
scale 1 by 17. The passenger vessel Symphonie (see Figure 16) was used for resistance tests only.
The shape of the stern section and experience from similar tests allow an educated guess for thrust
deduction and wake fraction. Additionally, the propulsion concept with three podded drives with
small propeller diameter of 1.125 m would require a large model to reduce viscous scale effects.
The models of the single screw vessel Baden Wuerttemberg (see Figure 18) and the Monika Deymann
propelled by two ducted propellers (see Figure 17) were equipped with scaled ducts, propellers and
rudders and the corresponding measurement sensors. Table 5 shows the propulsion systems and the
dimensions of the full scale vessels and the models including the tested load cases.
Table 5: Principal dimensions and characteristics of full scale vessels (LS, BS, TS) and test models (LM, BM, TM).

Vessel

Symphonie
Baden
Wuerttemberg
Monika
Deymann

Propulsion

3 podded drives
single shaft
ducted
propeller
twin shaft
ducted
propellers

LS
[m]
110
105

BS
[m]
10.14
11.40

135

14.20

TS
[m]
1.30
Ballast
2.70
3.20
2.30
2.55
2.80

M#
[-]
M2050
M2058

LM
[m]
6.47
6.18

BM
[m]
0.596
0.671

M2049

7.94

0.832

TM
[m]
0.076
0.101
0.159
0.188
0.135
0.150
0.165
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Figure16: The scaled passenger vessel Symphonie, DST Model M2050, being filled and faired in the workshop (left) and ready
for the tests with photo grid and woollen tufts for flow visualisation (right).

Figure17: The scale model of the container vessel Monika Deymann, M2049, prepared for the resistance tests.

Figure18: The cargo vessel Baden Wuerttemberg, DST Model M2058, in different states of the manufacturing process in the
wood workshop (left) and ready model self-propulsion tests with propeller, duct and rudders.
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ii.
Test facilities
All model tests were carried out in DST’s large shallow water basin with a length of 200 m and a
width of about 10 m. The water depth is adjustable up to a maximum of 1.2 m. This basin is
operated using two towing carriages which can be used separately and simultaneously. The large
conventional carriage is used for most standard tests up to model speeds of about 6.5 m/s, while
the unmanned high speed carriage is capable of speeds up to 20 m/s. For the tests described here
towing speeds did not exceed 1.7 m/s, and the tests were conducted with the conventional
carriage. The observation window underneath the towing track is used to visualise the flow
characteristics at the hull using woollen tufts captured by high speed or conventional cameras.
Figure 19 shows the carriage with the model of Monika Deymann in the large shallow water basin.

Figure19: Scale model of the container vessel Monika Deymann being towed by the carriage in the large shallow water basin
of 200 m length and 10 m width.

iii.
Tests
Day-to-day work in the towing tank mostly consists of research projects looking into specific details
and model tests for commercial customers. The latter campaigns combine model resistance, selfpropulsion and open water tests of vessels before the production is started. These tests focus on
very few sailing conditions in terms of speed, load case and water depth being subject-matter of
the contract between shipyard and owner. The tests are used to check the attained speed and the
corresponding power demand. Additionally, unfavourable hydrodynamic effects and potential room
for optimisation are sought.
The test campaigns for the three pilot vessels in the Rhine region are different even though the
used test procedures are the same. As all three vessels are already sailing at full scale, no changes
can be implemented based on the test results. However, the advice tool and the underlying
optimisation require a ship performance model covering all speeds, water depths and load cases
without the need of uncertain extrapolations. Additionally, usual tests focus on the determination
of the power demand and use the resistance and open water tests for additional information on
hull-propulsor interaction and detailed dimensioning of the propulsor system. The ship model
implemented in the advice tool to date is based mainly on the total resistance.
To match these requirements in the most effective way, it was agreed with the project partners to
focus on resistance tests covering a maximum range of speeds, load cases and water depths. The
characteristic quantities describing the interaction of hull and propulsor, being mainly the wake
fraction and the thrust deduction coefficient, are determined in few propulsion tests or taken from
experience available from other projects at DST. Considering the waiting times between
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consecutive test runs required to calm the water in the basin and to change test conditions like
ballast or water depth, a maximum of two tests per hour can be done. With conventional stationary
tests using one parameter combination per run and the test matrix spanned by the variables (three
vessels, propulsion or resistance, different load cases, speeds and water depths), this would result
in an enormous test campaign beyond the scope of this project. Therefore, the number of runs was
reduced by means of quasi-steady resistance tests with constant acceleration during each test run.
This allowed testing seven different water depths for the Symphonie with her constant load case,
five for the Baden Wuerttemberg and four for the Monika Deymann with three loading conditions
each. Table 6 lists the corresponding test parameters.
Table 6: Vessels tested and main parameters of model tests carried out.

Vessel

Symphonie
Baden Wuerttemberg
Monika Deymann

Tests

[-]
Resistance
Open Water
Resistance
Propulsion
Open Water
Resistance
Propulsion

Full scale
draughts
[m]
1.30
Ballast
2.70
3.20
2.30
2.55
2.80

Water depths
[m]
17.2, 5.0, 3.0, 2.5, 2.0, 1.8 and 1.6
14.55, 7.5, 5.0, 3.5 and 3.0
14.0, 7.5, 5.0 and 3.5

All tests were documented with pictures of the wave profiles at bow and stern taken from the port
side and underwater pictures from the observation tunnel. Figure 20 shows some impressions of the
different tests and installations. The following quantities were measured during all test runs:
• towing speed;
• longitudinal force between carriage and model;
• dynamic floating position (i.e. trim and sinkage);
• propeller rate(s) (open water and self-propulsion tests);
• propeller torque(s) (open water and self-propulsion tests);
• propeller thrust(s) (open water and self-propulsion tests);
• thrust(s) of the duct(s) (open water and self-propulsion tests).

Figure 20: Various pictures of models and installations taken during the extensive model test campaign.

The knowledge of the flow velocity in the waterway and the corresponding speed through water are
of utmost importance for the trip advice tool and the underlying computations. Therefore, the pilot
vessels at full scale are equipped with flow sensors measuring the one- or two-dimensional flow
speed ahead of the bow. It is a well-known fact, that the displacement current induced by a vessel
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sailing in confined conditions also affects the flow ahead. However, there is little to no information
on the distance where this influence becomes negligible. Therefore, additional test runs were
performed with an inductive flow sensor mounted at half draught depth in different longitudinal
positions ahead of the bow of M2049.
iv.
Results
The extensive results were extrapolated to full scale and prepared for the implementation in the
software for the trip advice tool. For gradient based optimisation algorithms it is very important to
avoid undesired intersections of curves and sharp bents, where the optimisation might get stuck.
Therefore, all profiles were smoothened and adjusted using a complex semi-empirical regression.
The following plots (Figure 21 up to Figure 23) show exemplary resistance profiles for the most
important load case of the three pilot vessels.

Figure 21: Exemplary resistance profiles for the cargo vessel Baden Wuerttemberg with 2.70 m draught in different water
depths.

Figure 22: Exemplary resistance profiles for the passenger vessel Symphonie with 1.30 m draught in different water depths.
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Figure 23: Exemplary resistance profiles for the container vessel Monika Deymann with 2.30 m draught in different water
depths.

The measurements of the relative axial flow with an inductive flow sensor positioned at different
distances ahead of the model clearly showed the influence of the displacement current on the local
speed against water. Figure 24 shows the standardized flow velocities plotted against the distance
from the bow for three different water depths and two draughts. At ten metres distance ahead of
the bow and the most confined condition (purple line), the relative flow velocity is about 15 %
smaller compared to the speed over ground. The reason for this massive influence is the shallow
water effect of the vessel sailing at a draught of 2.8 m at a water depth of 3.5 m. The higher the
water depth and the smaller the draught the less influence can be observed. At a distance of about
50 m the influence becomes negligible. Within a reasonable speed range, the influence of the
absolute vessel speed can be neglected. The displacement current is dominated rather by the
geometry than by kinetics.

Figure 24: Effect of displacement current on relative velocity. Standardized velocities plotted against distance from bow for
different blockage ratios for the container vessel Monika Deymann.

When no towing test info is available, the ENAT can make use of generic models (along with some
calibration/fitting points). The parameters of the vessel geometry needed are: length, draft and the
beam. The draught will be given a default value for the vessel, but in the ENAT it has to be entered
by the boatmasters as well (for each trip). Note that when towing tank tests have been performed,
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these geometry parameters (length and beam) are not used as they are implicitly available from the
ship model.
The propeller is defined by its diameter, pitch over diameter ratio, ratio of the blades area surface
and propeller disk, number of blades and the water density. The propeller models for open and
ducted propellers differ, and the latter need additional information. Both ducted as well as open
propellers can be used, and if needed, additional or customized propellers can be implemented
easily.

c. Tool for energy-efficient navigation - ENAT (on-board tool)
The ENAT aims at a reduction of fuel consumption and emissions. This is achieved by predicting the
vessel’s performance for the trip ahead in time, comparing different sailing policies. From the
offered information, the boatmaster assesses policies with respect to his needs and chooses the
most relevant option. The ENAT supports the boatmaster in operating the vessel because it
considers important factors like flow velocity and shallowness of the water. These factors are
locally and temporally variable, demanding rather complex procedures for the evaluation of the
respective performance of a vessel. Therefore, the boatmaster cannot accurately assess the effects
of the prevailing navigation conditions on his vessel’s performance. This may lead to the choice of a
sailing policy with an earlier arrival time, however, constituting also a less fuel-efficient sailing
policy. The ENAT helps the boatmaster to make the most efficient choice regarding the sailing
policy. The advice is presented very quantitatively by displaying the expected fuel needed for the
trip.
In Figure 25, a schematic overview of the databases and servers is shown. Shortly explained: the
land-based and the ENAT tools are websites acting similar to apps, and they are found on
www.iwtnavigator.eu. Access is restricted to known users. TNO is the admin. Graphical
development is outsourced to a web development company, while the server hosting the algorithms
and ship data is managed by TNO.
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Figure 25: Graphical interpretation of the user, database and server configuration.

i.
Graphical user interface (GUI), devices and scaling
The ENAT’s design is optimized for mobile devices as phones and tablets. There is no limitation
however to use it from a computer as well. The preferred browser is Google Chrome, other
browsers can be used as well, but testing will be done using Chrome.

ii.
Start
The ENAT considers the trip that is directly ahead of the boatmaster, or as a reference for the trip
planner in the office. The ENAT always requires registration and login. When the boatmaster logs in,
he is redirected and a menu appears from which he can choose which ship he is sailing.
The ENAT checks if the browser has access to the GPS, and whether the GPS is turned on. If this is
not the case, the user is asked whether he/she want to allow access to the GPS. If no GPS is
available, the ENAT tool defaults to the land-based tool, which will be described in Section 4 d.
More than one vessel can be coupled to a boatmaster login, he has to choose the vessel that is
currently being sailed. Then the draft is entered in cm. Depending on whether GPS is available, the
option “current location” is available. Another option is for the boatmaster to select two waypoints,
then if the ENAT noticed that the vessel is on the track, real time navigation will start
automatically. On a desktop, however, this option will not be there unless a GPS plugin is installed.
If no GPS is available, also the starting waypoint has to be specified.
The destination is then chosen from a list of points. This list can be made use (or route) specific,
but for now each user gets the same list. For example, container terminals can be shown only if the
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users sails on container vessel. The last choice is the preferred average speed at which the
boatmaster expects to be sailing.

Figure 26: Example trip choice from GPS location.

iii.
Choosing from different advices
After “start” has been pressed, the model needs 5 to 15 seconds to calculate an advice. A waiting
screen is displayed during this period. The advice is then displayed as in Figure 27. It comprises
several options, currently 3 12. The difference between the advices is the average SOG. We start off
with advices for a speed increase and decrease of 5 %. This often leads to numbers that are not
nicely rounded, experience will tell whether this is a problem to the user.
The different average speeds are associated with different arrival times which are indicated as
well. Only the arrival time is currently shown, not the day. This is OK when the trip takes less than
24 hours. This will be improved in the future.
Also the estimated fuel consumption in litres is indicated, enabling the boatmaster to make a
cost/benefit analysis of the different advices. It may be beneficial to arrive later if the savings are
significant. Fuel consumption rises sharply with increased speeds, especially in shallow water
conditions.

12

This number automatically changes with the number of advices sent in from the backend.
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To continue to the trip advice, the boatmaster clicks on one of the advices by tapping on the
screen.

Figure 27: Example choice from three advices displaying the recommended speed over ground, the Estimated Time of Arrival
(ETA), the corresponding fuel consumption, as well as the resulting NOX and CO2 emissions. Presentation in wide format
(rows). A presentation in narrow format (columns) is also available.

iv.
The trip
After choosing one of the advices (average ship speed options), the boatmaster is taken to the real
time advice. This is the screen the boatmaster will see during his journey. The idea is that as the
vessel travels along the route, the green vessel moves down the line. In practice, the line and
symbols move upwards, and the green vessel is stationary. Along the way, the boatmaster sees that
he has to pass waypoints, and crosses into sections where different engine settings are considered
preferable (in order to economically match the planned arrival time). As the vessel approaches a
new section, a warning is shown that the engine rpm has to be changed. Of course the GPS is
needed for this. A possible loss of GPS is indicated by a red bar.
The main features in the screen are (the numbers correspond to the numbers in Figure 28):
1. The condition of the GPS signal. The options are “Good”, “Not precise” and “N/A”. “N/A”
gives a link that takes you to a general page about GPS and how to enable it.
2. This allows the user to show the history of the route travelled so-far, cancel the route, and
restart the route.

3. These blocks indicate the different sections with the time at which they are entered, the
recommended engine speed and the expected sailing speed. This speed can be used by the
boatmasters as a reference to check on the advice and give some intuitive support.
4. Here the advice is updated; as the ENAT is new and still under development, deviations in
arrival times and expected speeds will exist for several reasons. Besides limitations in the
implemented models of vessel and waterway, there are influences due to the traffic
68

situation or manoeuvring (river bends, passing, encountering etc.). The boatmaster can also
choose not to follow the advice (recommended engine speed). The ENAT will automatically
calculate the remaining section of the route and arrival time every 60 minutes. The
boatmaster can also choose to do this manually in between by clicking on the link that
starts the update. Therefore, the remaining section of the route is updated when the user
clicks the “update advice“ button. Also it is indicated when the last update took place. A
warning is shown when an update was not possible, for example because of loss of internet
connection. If the user doesn’t update the advice manually, it is done automatically every
60 minutes 13.

1
2

4

3

Figure 28: Real time trip advice. 1) GPS quality, 2) extra route options, 3) section speed advice (first value = rpm and second
value = speed over ground), 4) update trip advice.

13

This interval can be changed by the admin.
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v.
Trip completion
When the vessel is less than 1 km from the destination, the trip is considered to be completed. The
screen is shown in Figure 29. There is an option to start a new route. This is particularly useful
when the boatmaster only entered part of the route, for example when crossing a lock.

Figure 29: Route completed screen.

vi.
Route recovery and screen on
If the tablet or phone is turned off, or the browser is closed, the route is not lost. The boatmaster
can simply go to www.iwtnavigator.eu to get back to the route screen and continue the navigation.
This is also the case when the phone is locked or goes to some stand-by mode. An important thing
to note is that the browser is not allowed to keep the screen on, although some workaround are
implemented in the tool to keep the screen on after all. Some browsers may still not be able to
keep the screen on.

vii.
Results
The first prototype of the on-board tool is under finalization. This includes the real time modelling
and making use of fairway data received from waterway management organizations from Germany
(BAW) and Austria (VIA) that are already being collected in the database. Different modules of the
tool are currently validated. Results relating to validation, sailing time and fuel savings will be
presented in the PROMINENT deliverable D6.4 (final pilot review report).

d. Tool for evaluation of ship performance
The tool for evaluation of ship performance (land-based tool) is identical with the ENAT. The main
difference is given by the circumstance that no GPS signal and sectional update of the advice is
used. The main features have been presented in the previous section.
The land based tool allows for
• evaluation and optimisation of fuel consumption associated with different sailing strategies
of a vessel;
• evaluation of ship performance and efficiency (e.g. fuel consumption, sailing time)
compared with other vessels (e.g. with different dimensions).
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i.
Results
The first prototype of the land-based tool is under finalisation. This includes the real time modelling
and making use of fairway data received from waterway management organizations from Germany
(BAW) and Austria (VIA) that are already being collected in the database. Different modules of the
tool are currently validated. Results relating to validation, sailing time and fuel savings will be
presented in the PROMINENT deliverable D6.4 (final pilot review report).

e. On-board measurements of water depth and flow velocity
i.

Rhine vessels

Description of systems implemented
Accurate hydrological data of the waterways is of utmost importance for energy-efficient
navigation. Precise knowledge of the relevant water depth for loading a vessel allows for improving
the efficiency by increasing the operational draught and amount of cargo of the vessel under
consideration. The optimisation of the sailing policy, e.g. with the on-board assistance tool, is also
based on authoritative forecasts of water levels and flow velocities.
Schedule-keeping requirements may cause excessive sailing speeds as a result of uncertainties
regarding the waterway condition. Additionally, fuel savings due to an optimized choice of speed
can only be validated for comparable trips or if the differences are measured accurately.
Though the objective of the pilot application is energy-efficient navigation, the criteria for the
selection of vessels are diverse. The pilot vessels should sail frequently on the test stretch between
Nierstein (Rhine-km 481) and St. Goar (Rhine-km 557) where hydrological data with high temporal
and spatial resolution can be provided by the BAW. The operators should be highly motivated to
apply the recommended sailing policies for improved energy efficiency. As the pilot vessels are
equipped with precise echo sounders and optional sensors for the relative flow velocity, they help
to improve hydrological data outside the test stretch. Therefore, vessels sailing the same routes as
often as possible and covering long distances are beneficial. A constant draught with low risk of air
bubbles in the vicinity of the echo sounders is also helpful. Vessels chosen are the passenger vessel
FGS Symphonie and the large inland cargo vessels GMS Monika Deymann and GMS BadenWürttemberg.
Devices for measuring flow velocities in inland waterway areas on-board a vessel have to be
installed in a way that the water volume to be measured is not influenced by the sailing vessel
itself. The vessel’s return current, bow wave and propeller jet have an impact on the flow around
the vessel, especially in confined inland waterways. To avoid any influence the flowmeter or ADCP
(Acoustic Doppler Current Profiler) should be installed at the vessel`s bow in a way that it performs
the measurements several meters in front of the vessel. The beam spreading of the ADCP should be
small, so that the beams touch neither the bottom nor the surface of the river to avoid incorrect
measurements and to extend the profiling range. A one- or two-beam horizontal ADCP (H-ADCP) is
best suited for this task.
The used H-ADCP on-board passenger vessel FGS Symphonie (Aquadopp 600 kHz, Nortek, Figure 30)
measures the flow velocities in two dimensions (North- and East-components) at approximately
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1.2 m below the water surface. The beam angle is 25 degrees. First evaluations indicate a collection
of data up to about 40 m in front of the bow.

Figure 30: Flowmeter (Aquadopp, Nortek) at the bow of the passenger ship FGS Symphonie.

The area of disturbed flow conditions (i.e. influenced by the vessel’s movements) depends on
multiple factors like water depth, draught and the vessel’s shape. According to the experience of
BAW, undisturbed flow conditions can be found at a distance of 10 m up to 15 m in front of the
bow. Therefore, the H-ADCP on-board the FGS Symphonie was configured to measure the velocities
in the range up to 40 m in front of the bow. This measurement range was divided into 20
measurement cells with a cell size of 2 m.
The recorded bottom heights and flow velocities have to be assigned to an exact position.
Furthermore, the measured velocities through water have to be corrected by the velocities over
ground to obtain the flow velocities. For this purpose a heading device consisting of two dGPS
receivers using real-time corrective services was installed on deck to get highly accurate data of
position, height and velocity over ground, Figure 31.

Figure 31: GPS array installed on the passenger ship FGS Symphonie.
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The corrective service (AgCelNet, geo-konzept) used on-board the FGS Symphonie is a commercial
service which provides correction data with NTRIP via GSM. This service improves the accuracy of
positioning in the order of centimetres.
The FGS Symphonie is equipped with one built-in echo sounder at the bow. It is used to determine
the bottom heights.
A terrestrial surveying of the positions of all sensors used was conducted at the shipyard according
to the guidelines of the BfG, Brüggemann (2014). Hence, all sensors can be displayed in a local
coordinate system of the vessel which is required when geo-referencing the measured data and
when precisely determining the bottom heights.
All data is processed, stored and submitted in a central data acquisition system (DAQ) on-board the
vessel. In addition to the recorded information about flow velocities and bottom heights, the
available engine data (such as rate of revolutions, rudder angle, fuel consumption, engine load, oil
temperature etc.) of the main engines is stored and transmitted.
The DAQ on-board the passenger vessel FGS Symphonie is similar to the system on-board the cargo
vessels GMS Monika Deymann and GMS Baden-Württemberg. The DAQ is designed to collect
measurements from the two main engines and from various sensors. Some of which were installed
specifically for the PROMINENT-project while others are part of the standard navigational
equipment of an inland waterway vessel. To ensure the proper functioning of the navigational
equipment, as well as the main engines, the interfaces and the power supply of the data acquisition
system have to be chosen appropriately. The DAQ system on-board the GMS Monika Deymann
consists of two control cabinets (the main cabinet in the engine room and a smaller one in the
forepeak), and a HSPA modem which is installed in the wheelhouse for better cell phone coverage.
The two control cabinets have separate power supplies due to the long distance (approx. 100 m)
between them. Each control cabinet consists of one DC/DC converter and one AC/DC converter,
whose 24 V outputs are coupled through diode modules. These converters supply voltages which are
galvanically separated from the power system of the vessel. Two independent power supplies in
each cabinet guarantee redundancy. The control cabinet in the main engine room consists mainly of
a modern PLC (programmable logic controller) with several DAQ modules attached. The PLC and its
DAQ modules are all approved by GL (Germanischer Lloyd) and can, therefore, be used on-board of
vessels. Apart from the FlowScout600 sensor, the rate of turn indicator, a centimetre-accurate GPS
compass, four echo sounders, and the loading instrument of the vessel are all connected to the PLC.
The sensor system for the acquisition of bottom heights, position and flow velocities envisaged for
the cargo vessel GMS Monika Deymann is much more comprehensive than the one installed on board
the passenger ship FGS Symphonie, Figures 32 and 33. Eventually, data resulting from one
flowmeter, four echo sounders, GPS and GPS compass, as well as engine data and information from
any other available data source (such as ROT indicator, loading instrument, AIS) should be
integrated into the system for further use. Therefore, the conception and coordination with the
shipyard (TeamCo shipyard, Heusden, NL) already began during the construction phase of the vessel
in the first half of 2016.
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The flush mounting of a flowmeter within the hull could not be realised because this kind of
installation takes too much time and effort. Therefore, it was decided to install the flowmeter
inside the bow thruster channel of the cargo vessel. Due to the chosen location the installation of
the sensor was minimally invasive and it is possible to access the sensor without a diver when the
vessel is not loaded. Accessing the sensor could be necessary for cleaning because of bio-fouling or
replacement.

Figure 32: GMS Monika Deymann in operation.

Figure 33: 1D-flowmeter installed in the bow thruster channel of GMS Monika Deymann.
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The sensor had to be surrounded by a special steel case to be protected against high velocities
resulting from the use of the bow thruster. However, a compact design was necessary to ensure the
performance and efficiency of the bow thruster. For this reason, a 1D ADCP (FlowScout600,
LinkQuest Inc.) in a special configuration was used. It only measures the flow component along the
longitudinal axis of the vessel (i.e., along the vessel’s direction of motion). Thus, in straight
stretches of the river the measured velocity component corresponds to the longitudinal and
dominating component of the river flow. When navigating through bends, however, the river
velocity is underestimated with this approach. The data collected can also be used for calculating
the vessel’s resistance, which is significantly influenced by the measured flow component.
As acoustic flowmeters should not be used outside the water for a longer period of time, the
operation of the sensor had to be linked to the vessel’s draught. This was achieved by integrating
the loading sensors into the DAQ.
In an initial configuration, the flowmeter was set up to measure flow velocities from a distance of 5
m in front of the bow with a resolution of 5 m. When considering typical draughts of the cargo
vessel, it is possible to measure flow velocities up to 40 m in front of the bow.
The vessel GMS Monika Deymann is equipped with two built-in navigational echo sounders at bow
(port side) and stern (starboard). Mountings (standpipes) for two additional echo sounders were
installed at bow (starboard) and stern (port side) and equipped with hydrographic echo sounders.
Because of the standpipes the echo sounders can be replaced in case of damage or malfunction if
the draught of the vessel is small. Therefore, a total of four echo sounders are used within the
PROMINENT-project.
Position and true heading is measured by a dGPS array consisting of two GPS antennas near the bow
and the stern of the vessel. The antennas are located as close as possible to the position of the echo
sounders in longitudinal direction of the vessel. Nevertheless, these distances at the stern between
the position of the GPS antenna and the position of the echo sounder are up to 14 m in longitudinal
direction of the vessek and up to 10 m in lateral direction. These distances imply an induced heave
at the echo sounders in case of pitch and roll of the vessel.
The GPS receiver itself is placed in the engine room next to the data acquisition system. It can be
accessed and configured via mobile network. The GPS data is corrected in real time using the SAPOS
HEPS service, which is only available in Germany. Therefore, the transmission of data can only be
realised in Germany. The SAPOS HEPS service is transferred with NTRIP via internet and GSM, and it
improves the accuracy of the measurement of the position up to the order of centimetres.
Since the beginning of 2017, the GMS Baden-Württemberg has also been equipped with
measurement devices. Additionally to the two on-board echo sounders, two hydrographical echo
sounders (one near bow and one near stern), a precise navigation system and a DAQ system for
merging, storing, processing and transmitting the collected data have been installed.
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Results and validation of the measurements performed
FGS Symphonie
Due to the observed vessel speeds of about 12 km/h when navigating upstream and of about 18
km/h when navigating downstream through the test stretch and a sampling rate of 1 Hz of the DAQ
one measured value is taken every 3 to 5 meters.
Measured bed levels were verified by comparing them to an existing digital terrain model for the
investigated stretch. For this purpose, the location of the measured bottom heights had to be
converted into the Gauss-Krüger-system and their height into NHN.
The comparison revealed a deviation of the measured values from the terrain model of about 0.1 m.
When evaluating this deviation, it has to be taken into account that the terrain model is based on
multibeam soundings of the year 2012. In the meantime, spatially limited changes of the riverbed
could have occurred that could explain the deviation. Therefore, the comparison of the bed levels
does not represent the achievable accuracy, but rather rates them as plausible. The permanent
availability of correction data is, however, a precondition for high-precision measurements of the
river bed heights.
In Figure 34, the measured flow velocities are compared with numerical data of the flow velocities
for the test stretch. Gaps in the data are generally caused by a poor GPS quality due to the loss of
corrective services or a poor reception. The velocities through water are measured with the
Aquadopp and transformed into real flow velocities by the DAQ-system. The lower graph in Figure
34 shows the two components of the flow velocity (North and East), whereas the upper graph
depicts the magnitude of the flow velocity. The red dotted line in both graphs is the measured data
while green is a moving average over 100 m of the measured data. The measured data is compared
to the flow velocities calculated numerically with TELEMAC 2D, Hervouet and Bates (2000), Wurms
et al., (2010), which are represented by the blue line in the graphs below. While the Rhine
discharge at the time of the measurement amounted to 2770 m³/s on average, the comparative
data resulting from TELEMAC calculations corresponds to a discharge of 2750 m³/s. The flow
velocities were measured 25 m in front of the vessel’s bow.
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Figure 34: Comparison of measured (red), modelled (blue) and averaged (green) velocities. Top: magnitude of velocity;
Bottom: both components (North and East) of the current velocity
Data set from 2 July to 3 July 2016 while navigating upstream.

As shown in Figure 34, the measured values closely match the values calculated with the hydronumerical model. This indicates that the flow velocities measured on-board the passenger vessel
Symphonie, which are calculated and transmitted by the DAQ, can be regarded as plausible. It is
recommended to smooth the data over longer segments.
GMS Monika Deymann
The calculation of the bottom heights on GMS Monika Deymann is done in the same way as on FGS
Symphonie. Due to the location of the four echo sounders and the GPS antennas there is a greater
longitudinal and lateral distance (lever arms) between these sensors. This leads to an induced heave
due to pitch and roll and, therefore, to a greater uncertainty of the measurements. An inclinometer
was installed to compensate the induced heave and to further improve the data accuracy.
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Figure 35: Comparison between the measured river bottom height (red), bottom heights compensated with inclinometer data
(green) and the multibeam sounding from WSA Bingen done in 2016 (blue).

The four echo sounders used on-board the GMS Monika Deymann provide information on the river
bed topography for the entire vessel path and, especially, for the outer sides of bends. Hence, the
coverage is much better than on FGS Symphonie where the outer bends are not covered. Figure 35
shows a comparison between the measured river bottom height (red), bottom heights compensated
with inclinometer data (green) and the multibeam sounding from WSA Bingen done in 2016 (blue).
The measurements are in good agreement considering, amongst other things, the fact that the
measurements on-board the vessel took place in 2016 and the terrain is based on echo soundings of
the year 2016. A maximum averaged deviation of 4 cm is observed.
Like the flow velocities of the FGS Symphonie, the flow velocities obtained by the 1D ADCP installed
in the bow thruster channel of the GMS Monika Deymann were compared to equivalent results from
the numerical model TELEMAC 2D. Flow velocities are, generally, underestimated (Figure 36: grey
shaded area) when the vessel navigates a bend or sails at an angle to the main flow direction. The
1D measurement values cover only the longitudinal flow component in relation to the vessel’s axis.
Therefore, in a next step, the flow velocities will only be calculated and transmitted if the vessel is
moving straight ahead, which assures the measured flow component to be the main flow velocity.
This can be achieved, for example, by comparing the course of the vessel (COG, derived from GPS
signal) to the vessel’s heading (HDT, derived from GPS compass).
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Figure 36: Comparison between measured longitudinal velocity (red), averaged (green) and modelled velocity data (blue).
Measurements obtained via the GMS Monika Deymann while sailing upstream on 8 August 2016.

Discussion of results
The feasible update rate of the DAQ system is much smaller than it is required of hydrographic
surveying. Therefore, the boatmasters can use the measured and transmitted bottom heights as
additional information for navigation or route planning. Due to their spatial resolution the
measurements cannot replace professional echo soundings with a multibeam-system. In areas where
professional echo soundings are not available or the time between echo soundings is too long,
vessel-based measurements can significantly improve the data basis. The same applies to areas with
high morphological activity.
On-board FGS Symphonie the echo sounder is located at the bow. While navigating a bend, it is,
however, the vessel’s stern that passes the outer side of the bend. Therefore, there is no recording
of the river’s bottom heights in this area when the echo sounder is installed at the bow. Thus, it is
recommended to install at least two echo sounders at bow and stern.
First results of the H-ADCP measurements revealed reliable values for the flow velocity within the
vessel’s path. The measurements should be performed at least one vessel breadth in front of the
bow. Generally, it is not necessary to record data with a high spatial resolution. 2D H-ADCP
measurements would only improve the data density and accuracy in bends.
The described procedure for measuring and transmitting the data is promising. However, further
evaluations and analyses are necessary for a final assessment.
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ii.
Danube vessels
The tasks assigned to NAVROM in PROMINENT relate to the purchase and installation of equipment
to convey information to the project partners (in particular TNO) on hydrologic parameters (water
depth and speed of the water flow), as well as mechanic parameters (rotational speed, engine load
and fuel consumption of propulsion engines).
For this purpose, a technical solution was developed to meet the project requirements set. It was
sent to various manufacturers in order to find competent partners being able to manufacture and
assemble the system components. The winner of the tender procedure became RO SHIPPING SRL, a
representative of ALPHATRON from Rotterdam – The Netherlands.
After starting the design and execution procedure, several problems were faced relating to the
procedure of hydrologic parameters measurement and their transmission from different
measurement points on the vessel and around the convoy consisting of a pusher and several lighters.
However, these problems were solved.
Description of systems implemented (including information on costs, enablers and
barriers)
Ten vessels of the NAVROM fleet are involved in the pilots to be realised in WP5. The vessels
selected belong to the pusher types described in the following.
• MERCUR 200 series (205, 206)
L=34.66 m, B=10.09 m, T=1.70 m, H=8.70 m, ∇=389 m3
2 main engines of type CAT 3512 B, PB=955 kW (each engine)

Figure 37: Pusher, MERCUR 200 series, MERCUR 205.

• MERCUR 200 series (207)
L=34.60 m, B=11.04 m, T=2.00 m, H=8.70 m, ∇=507 m3
2 main engines of type CAT 3512 B, PB=955 kW (each engine)

Figure 38: Pusher, MERCUR 200 series, MERCUR 207.
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• MERCUR 300 series (301, 303, 304,305, 306)
L=34.60 m, B=11.04 m, T=2.04 m, H=8.70 m, ∇=508 m3
2 main engines of type CAT 3512 B-HD, PB=1249 kW (each engine)

Figure 39: Pusher, MERCUR 300 series, MERCUR 303.

• River pusher (ANINA, ROVINARI 8)
L=20.72 m, B=7.78 m, T=1.50 m, ∇=152 m3
2 main engines of type VOLVO PENTA D 12D-C, PB=300 kW (each engine)

Figure 40: River pusher, ANINA.

Contrary to the initial proposal for mounting the measuring equipment, a slightly different solution
was chosen in order to minimise unfavourable effects caused by the flow disturbances of the
lighters on the measurements. The solution chosen comprises a robust device, simply and easily to
be installed on the sides of the lighters of the respective convoy. The speed and depth sensors are
dipped into the water in the fore part of the convoy or in any other convenient part, supported by a
specially constructed bracket (Figures 41 and 42). The technical specifications of the sensors used
are given in Appendix B. The transmitter unit is a terminal box located close to the sensors. The
receiver unit and GPRS transmitting unit are installed in the wheelhouse. The data transmission
between them is realised by a wi–fi connection.
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Figure 41: Arrangement of the measuring device (sensors), the transmitter unit, the receiver unit and the GPRS transmitting unit
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Figure 42: Sensor bracket mounted on the side of a lighter (left). Bracket with sensors for depth and velocity measurements
(middle). Terminal box for hydrographic sensors, wi-fi and DGPS antennas installed close to each other (right).

The communication to the server is realised by a GSM. All measured parameters are displayed
through the server in normal view for every NAVROM vessel participating in the project. For all
partners of PROMINENT involved, access to the data was granted based on ID and password. The
database language is English. The support platform is a Tresco platform,
http://www.tresco.eu/index.php/gb/tresco-fleet.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under Grant Agreement No 633929

Figure 43: Tresco server with display.
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With respect to the acquisition, implementation and operation of the system, the following costs
had to be covered by NAVROM:
•
•
•
•
•

acquisition and installation of hardware (e.g. sensors): 28 000 EUR per vessel (280 000 EUR
for the ten vessels participating in the pilot);
software costs (automatic conversion of data in .xls format to .csv format): about 3 000
EUR;
maintenance costs (internet subscription, technical support monitoring, repair, etc.): about
1 500 EUR per month;
costs for additional staff handling the mobile equipment: about 2 000 EUR per month.
costs for transmission of data: about 1 500 EUR per month for all ten vessels (the highest
costs result from roaming in the non-EU countries (Republic of Serbia, Republic of Croatia,
Ukraine).

In addition, within the task relating to the monitoring of exhaust gas emissions and operational
profiles, the software was upgraded in order to include an additional monitoring parameter: the
exhaust gas temperature, relevant for the evaluation of the applicability of an SCR after-treatment
system. The respective costs amounted to approximately 10 000 EUR. The latter costs are not
related to energy-efficient navigation.
Floating and submerged objects constitute the most significant operational barrier to using the
speed and depth measurement equipment. E.g. logs, drift wood, ice, etc. can have a noticeable
negative impact on the sensors, considering a vessel speed of approximately 18 km/h or higher. The
sensors may become out of order and have to be repaired. The associated costs may amount to
2 500 EUR per repair activity. Therefore, e.g. in winter time with floating ice, the speed and depth
measurement equipment has to be put out of the water, and measurement can be realised only for
limited time periods and circumstances (e.g. when no harmful objects are present in the
waterway).
Results
For all of the ten NAVROM vessels, first results derived from measurements are already available.
They are presented on Tresco Fleet (Figure 44), as well as stored for further processing on a server.
The measured values are given every minute. They comprise information relating to the location
and engine parameters of the vessel, as well as hydrologic framework conditions. In the example
presented below (2.11.2016, 15:32), the speed over ground (SOG) = 5.7 km/h, the flow velocity =
0.5 m/s, and the water depth (not corrected for sinkage and trim) = 6 m. The measured values can
be compared with survey results for validation purposes, which is planned to be carried out in a
later stage of the project. In addition, for the test stretch close to the reference gauge Corabia at
Danube rkm 630, possibilities for provision and usage of waterway information (water depth and
flow velocity) derived from the on-board measurements of the NAVROM vessels and referred to the
gauge readings will be investigated and evaluated.
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Figure 44: Screen shot of Tresco Fleet used by NAVROM with measured values of the pusher MERCUR 305 sailing on the Lower
Danube obtained on November 2nd, 2016.

The results delivered and stored in the webserver can be downloaded online or offline as .xls form.
In addition, the project partners (e.g. TNO) can make use of the opportunity to download them as
.csv files.
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