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Abstract 
The activities within PROMINENT Work Package 2 are focussed on the development of standardised 
concepts for reducing emissions of a main share of the European inland waterway fleet. Some of the 
concepts investigated are diesel after-treatment, energy-efficient navigation, right-sizing and 
hybrid configuration. Currently, many different products exist on the market that target each of 
these topics, but the effectiveness of the methods cannot be easily determined by the ship owner 
buying the solution. In order to study the effectiveness of above concepts for reducing emissions, an 
energy model was developed in PROMINENT, aimed at quantification of the concepts in terms of 
emissions, energy efficiency and (in the end) cost-benefit. The energy model presented in this 
deliverable shows how the internal driveline of the vessel may be simulated, and how this algorithm 
is connected to the world outside of the vessel. 
 
Energy efficient navigation studies the performance of different navigation policies with respect to 
energy efficiency. This has resulted in a real-time navigation advice tool, which takes the river 
Rhine as pilot area. The advice tool combines the results of tank tests, river flow modelling, an 
optimization algorithm and the ship energy model, which were all achieved within PROMINENT.  
 
Right-sizing and hybrid concepts focusses on the comparison of the performance of different 
driveline configurations. Ship energy performance highly depends on the correct dimensioning of 
the parts of the driveline, as over-dimensioning leads to low efficiency performance. Although 
vessels are built with a large variety of driveline configurations, a generic driveline model is 
presented here to represent most of the vessels in the inland water transport sector. The way in 
which this vessel is used in operational conditions determines whether or not hybrid concepts may 
improve operational efficiency. 
 
The validity of the ship energy model is shown in this deliverable, together with the need of on-
board measurements in order to compare different driveline concepts. Although the on-board 
measurements show the operational deployment of the vessel, it is also seen that the data used for 
the comparison of drivelines requires careful selection of the on-board measurements, as local 
conditions of rivers vary strongly.  
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Introduction 

PROMINENT 
The activities within the European research project PROMINENT1 (Promotion of Innovation in Inland 
Waterway Transport) are focussed on the development of standardised concepts for reducing 
emissions in a main share of the European inland waterway fleet. With these activities, it is aimed 
that in 2020 these concepts will be applicable to at least 70% of the European inland waterway fleet 
and that the implementation costs of these concepts will be reduced by 30%. The standardisation of 
these concepts is the main focus of WP2 of this project with a close interaction with the pilots 
performed in WP5 and resulting in the roll-out of these technologies in WP6.  

Identification of fleet families and operational profiles 
In SWP 1.1 of this project a study was performed to gain insight into the composition of the 
European inland waterway fleet and the operational use of these vessels. This resulted in a macro 
model of the European fleet with 12,263 vessels, a categorisation of these in groups of comparable 
vessels (‘fleet families’) and a selection of 60 representative journeys on the different European 
waterways. For most of the representative IWT journeys the operational profiles (providing a power 
distribution over time) were elaborated.  

Best available technologies 
In SWP 1.2 of this project best available technologies were identified. To assess the applicability 
and feasibility of these best available technologies and the further development of concepts for 
mass implementation, an understanding of the fleet and how this fleet is used is essential. As there 
are major variations between the different vessel types and the operational use (in e.g. power, fuel 
consumption), different technologies can be beneficial for different parts of the fleet. Two of these 
concepts, as concluded in the D1.2 report, are the application of hybrid configurations and the 
right-sizing of the engines.  

Advanced concepts for mass introduction 
In WP2 of this project the development of advanced concepts for mass introduction has been 
targeted, these concepts are LNG, diesel after-treatment, energy-efficient navigation, right-sizing 
and hybrid configuration. For the first three concepts pilot projects are and will be performed. WP2 
also concerns the definition of the pilot test specifications and an ex-post analysis of the costs and 
benefits. The activities for right-sizing and hybrid configurations are focussed on the development 
of a mathematical model for standardised engine configurations. For these configurations, analyses 
of the costs and benefits are performed.    

Right-sizing and hybrid configurations 
For the further development of this model, there is a strong link with the monitoring pilot 
performed in SWP 5.1. The results of the monitoring of several vessels are used as a validation of 
this engine model, providing relevant information on the operational and power profiles of these 
vessels. This results in the modelling of standardised engine configuration, for which their costs and 
benefits will be assessed.  
  

                                                 
1 http://www.prominent-iwt.eu/ 
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Roll-out 
The aim of the PROMINENT project is not only to develop and demonstrate advanced concepts, but 
also to roll-out these concepts to achieve the mass introduction. Building further on the activities in 
WP2 and the pilots, and evaluating the outcomes of these, the roll-out of these concepts will be the 
aim of WP6 of this project. This will be done by cost-benefit analyses of the use and application of 
these concepts and will result in the I-STEER app, which will provide end-users with an advice on 
the costs and benefits for the application of the concepts on their own vessels.  
The quantification of costs and benefit helps stakeholders to estimate the feasibility of investments 
in retrofitting ships or changing the sailing policy. This report discusses the physical models that are 
the basis of the cost benefit approach, and validates the respective sub components. The algorithm 
for the quantification is the energy model which is developed by TNO. Also the utilization of the 
measurements in WP5 with this aim is discussed. The actual cost-benefit analysis itself will be the 
topic of D2.8 and D2.9.  

1. Driveline configurations 
Driveline configurations as commonly found in IWT are described in this chapter, together with  an 
explanation of how they are modelled, and why this approach is chosen. Experiences come from the 
project partner ADS van Stigt.  

Example hybrid ships 
The WP2-team started with the idea to add an electric motor to the conventional drive line, as in 
the car industry. The idea was that with a relative low cost high speed electric motor a good 
efficiency could be reached at low sailing speeds, so at low engine power. This configuration is not 
new, but has never been applied in the low power range of inland navigation; for high powers in 
seagoing vessels it is common and for small yachts some test boats have been made. 
The first hybrid installation considered was the one on board of MV El Niño (cargo pusher 85m x 
10,50m). It was based on a so called diesel hybrid; 2 diesel engines were installed; the ship owner 
had a clear idea that with a directly coupled diesel engine, he would reduce fuel consumption 
significantly. This because his operating profile had clearly 2 different power requests, which were 
met with 2 engines of 701 kW and 2 engines of 221 kW were installed. The power selection was 
based on a clearly and precise log of many years of navigation between Danube and the ports of 
Antwerp / Rotterdam. Based on what was technically possible with the Masson reversing gearbox in 
relation to the propeller curve the final selection was made. The result in fuel saving is very 
positive in comparison with the old installation. 
The second hybrid installation considered was the one on board of MTV Duandra (tanker 110m x 
16.20m) which was based on a so called PTI hybrid; a conventional diesel engine with a Masson 
reversing gearbox, with on the PTI connection a high speed electric motor. This particular vessel 
was built mainly to sail in the ARA (Amsterdam – Rotterdam – Antwerp) area, so it should sail at 
relative slow speeds without heavy river circumstances. The idea was that during his many harbor 
operations it would navigate with two propellers on only a single generator set. Based on this idea, 
and aiming for optimum fuel consumption, it is saving fuel. Also, exhaust gasses can be cleaned 
easily in the after treatment installation. For this vessel right sizing has been a big discussion to 
determine what was the right total installed power. In combined mode navigation upstream is 
possible. 
The third hybrid installation considered was the one on board the MV Goblin (dry cargo motor vessel 
135m x 11.45m). It was based on a so called inline hybrid; a conventional diesel engine with 
reversing gearbox and a low speed permanent electric motor arranged in the shaft line after the 
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gearbox. In this installation the total power is a combination between the direct diesel and the one 
of the electric motor. Also in this case the start is the operating profile. Based on years of 
experience with the size, tonnage, weather circumstance and sailing speeds the right total power 
was determined. The Goblin is operating mainly on the Rhine river. The split in electric power was 
very well based on the experience of the ship owner and what was technically possible. In this case 
the electric motor is running on the same speed as the propellers and the selection is very critical 
to be in the highest possible efficiency grade of that electric motor.  
The fourth hybrid installation considered was the one on board of MTV Mystery (tanker 110 x 
16.20 m), which was based on a so called inline hybrid; a conventional diesel engine with reversing 
gearbox and after the gearbox in the shaft line a low speed permanent electric motor. In this 
installation the total power is a combination between the direct diesel and electric motor. The start 
of the design process is the operating profile. Based on experience with the size, tonnage, weather 
circumstance and sailing speeds the right total power was determined. The split in electric power 
was very well based on the experience of the ship owner, as they had the MTV Duandra already 
sailing, and what was technically possible. In this case the electric motor is running with the 
propeller speed and the selection is very critical to be in the highest possible efficiency grade of 
that motor. 
 

 
Figure 1: Generic driveline overview. Full electric omits the diesel engine. Parallel hybrid can have a gearbox at A or B. 

Direct drive omits the electric motor M. 

 
  

B 

A 
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Different types of configurations  
For the representation of hybrid propulsion lines three different configurations are distinguished(see 
Figure 1). These are (with interpretation): 

- Direct drive: This is the most common situation, where the engine drives the propeller 
directly or via a gearbox. Electrical power is produced by multiple generator sets. The 
generator also powers the bow thruster;  

- Serial/All electric: Generators produce electrical power, which drive the propeller through 
an Power Take In (PTI). The gearbox between electromotor and propeller is optional. In the 
serial electric configuration, there are separate power systems for propulsion and provision 
of auxiliary power;  

- Parallel hybrid: The propellers are powered either by the diesel engines directly, or by the 
electrical power from the generator sets. Propulsion is realized through direct drive as well 
as by PTI, the arrangement of the gearbox for direct propulsion is optional. The PTI drives 
the propeller at lower powers/speeds, and the diesel engine is idle/off. The PTI may also 
act at high speeds, where it supports the diesel engines and provides extra torque to the 
shaft.   
 

The combination of electric, hybrid and diesel direct configurations allowing for multiple propellers 
and generator sets gives access to a wide variety of configurations to be set up. Covering most of 
the current IWT fleet. Also, the abbreviation PTI is used for an electric motor mounted directly as 
the propeller shaft, as well as connected to the gearbox.  
 
The division into sub components is shown in Figure 2. In each component, it is also written which 
energy conversion takes place. 
 

• M: mechanical power in Newtons/speed, or torque in Newton meters/rotational speed 
• E: electric power in voltage and current (Ampère) 
• LHV: Thermal energy, Lower Heating Value in J/kg, and mass flow kg/s.  

 

 
Figure 2: Generic energy flow diagram. Blue arrows: electric/hybrid mode. Orange: diesel direct or hybrid. Black: always 

active. After treatment not shown. 

Multiple propellers/engines 
Propulsion with two or three propellers is common for large inland waterway vessels, which is 
reflected in the model allowing also for multiple propellers. For each of the propellers, a gearbox, a 
diesel engine and an electromotor including controller is simulated. An overview of the simulated 
sub components is shown in Figure 2. The “//” enclosing mark the parts that are placed in parallel. 
Currently the option of two engines connected to one gearbox/propeller is not implemented, but 
this will be done once such a vessel is studied.  
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Multiple generators 
The installation of two to four generators is common and is found in the model setup. For electric 
drive, a control strategy is needed for the generators, as additional generators may be switched on 
when necessary. The default strategy starts a new engine when the other running engines are at 
90% load. The load is then distributed homogeneously over the running generators.  

Alternating Current (AC) 
The electrical system is modelled by default as being AC, with constant speed generator sets. 
Therefore the only frequency converter is placed before the electromotor.  

Control strategy of the hybrid system 
The PTI is on when the electric motor has enough capacity to produce the required power. When 
enabled, the PTI produces all the needed torque/power input and the diesel engine is switched off. 
When the power or torque to be delivered to the propeller exceeds the capability of the electric 
motor, the diesel engine is enabled, and the PTI can either be switched off or left to run in support 
mode. More advanced support-type of PTI use can be implemented, but this is left out of scope 
because it introduces extra parameters to the system. Therefore the electromotor is implemented 
to increase the systems efficiency at low (diesel engine) load, which corresponds to a slow sailing 
regime.  
 
Different colours differentiate between the different drive types. 

• Blue: arrows are active in full electric and hybrid (support) mode, inactive in diesel direct.  
• Orange: active in diesel direct or hybrid (support) mode, inactive in full electric mode.  
• Black: always active.  

Manouvering  
Manouvering can be simulated using an electrical load representing the bow thruster.  
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2. Validation of the mathematical components 
The validation of the different mathematical components is described in this chapter. Firstly, the 
diesel engine will be validated followed by the after treatment system, based on selective catalytic 
reduction (SCR). Also the electromotor/Power Take In (PTI) and the controlling system are discussed 
in this chapter. 

Diesel engine  
For the performance of the diesel engines (including the generator sets) a dataset of technical 
specifications for diesel engines used in inland navigation was fitted. Information about emissions 
which is not supplied by the engine manufacturer is estimated using emission factors. The emission 
factors take into account the build year and emission class. From the dataset the Specific Fuel 
Consumption (SFC) curve presented in Figure 3 was fitted, showing increasing efficiency for 
increasing produced power. NOx emissions are implemented as a constant NOx to CO2 flow ratio, but 
depending on the emission class of the engine. The ratio is given as: 𝑁𝑁𝑂𝑂𝑥𝑥,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠/ 0.63 ⋅ 10−3  
CO2[g/s] . The exhaust gas temperature is estimated from the spec sheets for the specific engine. 
The exhaust gas temperature is important for the effectiveness of the SCR with respect to the 
reduction of NOx emissions.   

 
Figure 3: SFC curve used to estimate the engine power from the fuel use. 

SCR: Implementation of the NOx after treatment system. 
Simulations can take the placement of an SCR system into account. The temperature of the exhaust 
gas is an important input variable for the SCR model. The exhaust temperature is modelled as a 
function of the engine power.  
A typical SCR system light-off temperature curve is presented in Figure 4. This is characteristic for 
an SCR catalyst (without upstream oxidation catalyst to increase the NO2/NO ratio). The curve is 
based on various publications: (Winkler, 2003) (Walker, 2003) (Spurk, 2002) and (Chandler, 2000). 
200 °C is generally seen as the temperature where SCR conversion of NOx can start. This 
temperature is more determined by the urea injection and hydrolysis (because of the risks of 
deposits formation) than by the SCR conversion itself. Under (dynamic) conditions in which ammonia 
(NH3) can be buffered within the catalyst, NOx conversion can start at slightly lower temperatures. 
In this characteristic curve, maximum NOx conversion efficiency is reached at 270°C. 
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Figure 4: NOx reduction percentage of the SCR against the exhaust gas temperature. 

 

Gearbox 
In a conventional diesel direct system, the reduction gearbox is placed between the propeller shaft 
and the diesel engine. In a hybrid drive the PTI is connected to the gearbox or directly to the 
propeller shaft.  
Power losses in the gearbox mainly exist due to frictional losses, as well as speed related viscous 
losses. The first one is a function of torque and speed. Viscous losses are only dependent on 
rotational speed. Also cooling of the gearbox can require significant power. The power is added on 
top of the torque that has to be produced to rotate the propeller.  
The implemented model (Stapersma, 2002) considers both the torque and the rotational speed in 
the determination of the efficiency. An example 1MW gearbox is shown in Figure 5. For this 
particular gearbox, an optimal efficiency is taken at 95%, taken as worst-case (Stapersma, 2002). It 
is seen that, for example, running at increasing speed but low torque is relatively inefficient. Note 
that related fuel losses can be low as the power is low. The horizontal contours at speed > 180rad/s 
corresponds to areas where the speeds are higher than expected for the gearbox, and losses are 
kept constant outside of this range. Note that for a correct dimensioning of the system, the model 
will not operate in this area.  
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Figure 5: Example gearbox model output. Used parameters: 1MW, 750rpm &, 95% optimal efficiency for electric drive. 

 

Electromotor/Power Take In (PTI) 
Inland waterway hybrid ships typically run using a permanent magnet (PM) electric motor. 
Advantages of the PM motor are the high efficiency, and high torque that it produces at a lower 
rotational speed. In synchronous alternating current (AC) motors, the rotation shaft runs 
synchronously with the frequency of the supplied voltage. Power losses are assigned to frictional 
losses, which are mainly rotational speed dependent. Hysteresis losses, which develop due to the 
changing direction of the magnetic field in the magnets (see also (Patel, 2012)). When the magnets 
become fully magnetized, the hysteresis losses are proportional to the rotational speed. 
Furthermore there are electrical resistance losses, and there is power required for the cooling of 
the motor. The power needed for cooling is assigned to the motor as well.  
 
The implementation is done using an efficiency model, is shown in Figure 6 for a motor specified for 
400V, 243kW & 2 poles per phase. The contour lines are rather angular due to the linear 
interpolation in the underlying model.  
It is seen that the PM motor performs relatively poorly at low speed, high torque and improves 
towards higher speeds and lower loads. The performance in the model is maximum 96% and 
minimum 81%.   
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Figure 6: Efficiency map for a PM motor with specifications 400V, 243kW & 2 poles per phase. 

 

Variable frequency drive  
The PTI is controlled by a variable speed drive. Different types exist, for the modelling a 
combination of the rectifier and the controlled inverter was chosen, allowing for varying the 
outgoing frequency and voltage. For comparison, a 6-pulse version will be used. As the PTI will only 
be applied a low propeller speeds, no field weakening is used. The rectifier and inverter share the 
same physical model, with the difference that the rectifier is not controlled. The following 
description considers the controlled inverter.  
 
The controlled inverter is a basic component of the electrical system that transforms direct current 
(DC) into alternating current (AC) for a given voltage and frequency. Losses are attributed to 
switching and resistance losses. Switching losses are proportional to the outgoing frequency, 
resistance losses relate to the current through the converter. This model also implements losses due 
to frequency filtering (if present) behind the inverter. This is done by imposing an efficiency 
‘penalty’ on the inverter.  

Validation 
The efficiency characteristic is found in Figure 7, along with the characteristic of a Siemens 
Sinamics S120 inverter. In this case, the load is varied by increasing the current from the PTI (see 
also Figure 2). The efficiencies of the model and the measurement are comparable, especially when 
the scale of the vertical axis starts at 84%.   
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Figure 7: Efficiency characteristic of the controlled inverter. Compared with a Siemens Sinamics S120 

inverter(measurement). 

 

Propeller/hull interaction 
Propellers are implemented using traditional propeller series as the Wageningen B (Oosterveld., 
1975) and KA series (M.W.C. Oosterveld, 1970). When needed for a specific vessel, the system can 
be easily extended with other propeller series, such as those described in (Carlton, 2013). For the 
interaction between the hull shape and the propeller, wake fraction and thrust deduction 
(Stapersma, 2002) are used.  
The model is given by 

𝐽𝐽 =
𝑉𝑉𝐴𝐴
𝑛𝑛𝑛𝑛

 

𝐾𝐾𝑇𝑇 =
𝑇𝑇

𝜌𝜌𝑛𝑛2𝑛𝑛4 

𝐾𝐾𝑄𝑄 =
𝑄𝑄

𝜌𝜌𝑛𝑛2𝑛𝑛5 

Using the following variables: 
• J: Advance ratio  
• n: Propeller frequency[Hz] 
• D: Propeller diameter[m] 
• 𝜌𝜌: density of water[kg/m3] 
• 𝑇𝑇: Thrust[N] 
• 𝐾𝐾𝑇𝑇: Thrust coefficient[𝑁𝑁/(𝑘𝑘𝑘𝑘 𝐻𝐻𝑧𝑧2 𝑚𝑚)] 
• 𝐾𝐾𝑄𝑄: Torque coefficient[𝑁𝑁/(𝑘𝑘𝑘𝑘 𝐻𝐻𝑧𝑧2 𝑚𝑚)] 
• 𝑄𝑄: Torque[Nm] 
• 𝑉𝑉𝑎𝑎: Advance speed 
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Figure 8:Example Kt, Kq & efficiency curve for a Wageningen B propeller. 

 

 
Figure 9: Standard Kt, Kq & efficiency curve for a ducted propeller, here the KA4-70 19A as an example . 
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Modelling and on board measurements 

Introduction 
Within WP2 the online right-sizing webtool for hybrid configurations is developed, which aims to 
give insight into the dimensioning of the driveline components in the vessel. It is therefore 
important to consider observed engine powers when advising on the most economically sizing of 
driveline components.  
In order to obtain information about the operational use of the vessel, the on board measurements 
such as performed in WP5 are a good source of information. Especially because some of the vessels 
include depth and current measurements, making a detailed study possible.  
In this section we will first study a sample of the on board measurements from the Symphonie. Than 
we will match the observed engine powers with the energy model. Also a second case study is 
performed, using only on board measurements, comparing direct and hybrid drivelines.  

Operational load profiles 
While the use of tank tests gives very accurate values for the ship 
resistance in calm water, the operational conditions will differ from the 
tank test conditions. Several factors may influence the operational 
conditions, such as changing water depths and fairway topographies, local 
currents, turbulence, wind, ship motion and increasing hull roughness, 
etc. These factors complicate the translation of laboratory results to 
operational conditions. In this chapter we will test a method to 
determine operational profiles using the depth and current measurements 
from WP5. This operational load curve makes it possible to compare 
different propulsion configurations by using the energy model described 
above. The derived operational load curve can be used in addition to tank 
tests, or used solely when no tank tests are available for a vessel.  
The vast amount of measurements performed within the PROMINENT 
project makes it possible to study the operation conditions in which the 
vessel has to sail. Measurements are also used to fit the models, which 
gives a strong relation between the modelling and the measurements in 
WP5. The Symphonie is taken as an example because the measurements 
also contains information about the current and water depth. Vessel 
number 1 (see D5.7) will be fitted as well, as an example of a ship where 
the information about the current and water depth is not available.  
 

Symphonie Measurements 
On board of the Symphonie, engine, river depth and current 
measurements were performed. A test section between Krefeld and 
Dinslaken (see Figure 10) was selected to study the results in detail. The 
trip was made on 21st of July, 2016. Because the water depth and the current have a strong 
influence on the resistance, these observations are described first. 
The water depth over the whole section was between 3 and 5.5m (see Figure 11). This can be 
considered as intermediate depth compared to the 1.3m draft of the vessel.  It is also seen that the 
water depth is variable over the test section, and the resistance curve will vary between the 3m 
and 5m water depth curves, which give very different resistance values for the higher velocities. 

Figure 10: Test section. 
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The current velocity can be derived from the Speed Through Water (STW) and the Speed Over 
Ground (SOG) (see  Figure 12). From the difference in STW and SOG it is seen that the current 
velocity is more than 1m/s (around 2.5 m/s), which is significant. Therefore, in the fitting 
procedure of the resistance curves, the current velocity cannot be neglected, and the SWT has to 
be used.  

 

 
When looking at the use profile of the Symphonie in Figure 13, it is seen that most of the time it 
sails faster than 8km/h. Velocities below this speeds are considered as transient. As the energy 
model aims at steady state sailing, only speeds higher than 8km/h are considered.  
 

 
Figure 11: Water depth in the test section. 

 
Figure 12: STW compared with SOG using data from cell 3 measured by the Symphonie. STW is lower than SOG due to downstream 

trip.  
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Figure 13: Velocity distribution for the Symphonie. Most of time is spend at speed larger than 8 km/h. Upstream/downstream 

was not always determined due to GPS issues. 

Engines Measurements  
The Symphonie has three engines and three propellers, the engines are 2x Cummins of 550hp and 1x 
Volvo 600hp. The engine usage for the middle/Volvo engine is shown in Figure 14 and Figure 15, 
respectively. The engine typically operates at around 1100-1600 rpm in a range of 30-70% engine 
load. There is also a branch up to 100% and max RPM, which is associated with the acceleration of 
the ship (not visible  in the figures).  

 
Figure 14: Histogram for engine speed counts in de dataset, each count represents one second. 
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Figure 15: Engine power histogram, each count represents one second. 

 

Speed, thrust and power in observations and the energy model 
In the modelling of the driveline efficiency, and when comparing  conventional to hybrid 
configurations, it is important to obtain both the rotational speed and torque of the 
components(propeller/gearbox/engine/PTI), in order to determine how well they fit their 
operational use. This starts by determining the propeller speed, for which both the ship velocity and 
the resistance force are needed, together with a propeller model(see section propellers).  
The engine load (power) against STW is shown in Figure 16. The engine load was taken from the CAN 
bus, as described in D5.1. By taking the (measured) current into account, there is no need for 
splitting up and downstream at this point. It is seen that the whole power range is used, and 
shallow water corresponds to higher engine power. Although the relation does not directly show 
power-law, the curve gives a clear range in which the engine operates.  
The dots in Figure 16 represent the engine power for the fitted energy model, and is taken as 3 
times the power on the mid-engine. This was done because the energy model is (currently) fit to 
simulate only equally sized diesel engines. The figure shows that the modelled engine power 
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matches exactly with the observations. It can thus be said the energy model is fit well to the 
observations.  
 

 
Figure 16: Engine shaft power against relative ship speed(STW), for both the observations and the energy model.  

 
The “bump” around 12 km/h has been observed in several measurement sets, several causes may 
explain this: 

• Heavy sailing conditions due to higher “sea state” 
• Shallow water conditions 
• Acceleration/deceleration 
• High efficiency losses at off-design speeds 
• Wave patterns forming at this speed 

Different cargo loading is not likely to be the cause as the Symphonie is a passenger vessel, sailing 
with constant draught. Another observation is that the observed speed through water is 
(unrealistically) high, especially on for the shallower waters. This indicates that there are some 
anomalies in the measurements coming from the ADCP2.  
 
The difference between the fuel flow measured at the engine, and the power exerted onto the 
water are the losses that are caused in the power train between the engine and the propeller. From 
Figure 2 we see that these are the efficiencies of: 

1. Diesel engine 
2. Gearbox 
3. Propeller  
4. Interaction propeller-hull.  

Which can be expressed as 
𝜂𝜂𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒𝑎𝑎𝑒𝑒𝑠𝑠 = 𝜂𝜂𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠𝜂𝜂𝑒𝑒𝑠𝑠𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑥𝑥𝜂𝜂𝑠𝑠𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑔𝑔𝜂𝜂𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑔𝑔𝑎𝑎𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝑒𝑒 

 
When measuring the power at a generator set, they are 

1. Genset  

                                                 
2 The study of the performance is part further work in WP5.  
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2. Variable frequency drive (VFD) 
3. PTI 
4. (Optional) gearbox 
5. Propeller 
6. Interaction propeller-hull 

𝜂𝜂𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒𝑎𝑎𝑒𝑒𝑠𝑠 = 𝜂𝜂𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝜂𝜂𝑉𝑉𝑉𝑉𝑉𝑉𝜂𝜂𝑃𝑃𝑇𝑇𝑃𝑃𝜂𝜂𝑒𝑒𝑠𝑠𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑥𝑥𝜂𝜂𝑠𝑠𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑔𝑔𝜂𝜂𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑔𝑔𝑎𝑎𝑠𝑠𝑒𝑒𝑠𝑠𝑔𝑔𝑒𝑒 
 
The resistance curve can now be estimated iteratively. Using the ship efficiency model, from the 
measurements the relation can be derived by using the engine power and estimating the efficiency 
of the driveline, this relation is: 
 

𝐹𝐹𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑎𝑎𝑒𝑒𝑠𝑠𝑠𝑠(𝑆𝑆𝑇𝑇𝑆𝑆, ℎ) =
𝜂𝜂𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒𝑎𝑎𝑒𝑒𝑠𝑠  𝑃𝑃𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠  #𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠

𝑆𝑆𝑇𝑇𝑆𝑆
 

 
- 𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑛𝑛𝑟𝑟𝑟𝑟 (𝑆𝑆𝑇𝑇𝑆𝑆, ℎ)  
- STW the relative ship speed in m/s 
- ℎ the water depth in meters 
- # the number of engines 
- 𝜂𝜂𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒𝑎𝑎𝑒𝑒𝑠𝑠 the efficiency of the power conversion from engine shaft to water.  
- 𝑃𝑃𝑟𝑟𝑛𝑛𝑘𝑘𝑟𝑟𝑛𝑛𝑟𝑟 the power at the measured engine’s shaft. 

 
The estimate of the resistance curve is updated using the newly found estimate of the driveline 
efficiency, until the power at the engines matches the observations. For this study, we use and 
initial estimated 𝜂𝜂𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒𝑎𝑎𝑒𝑒𝑠𝑠 = 50%.  
This is partially explained by the parts of the track where the vessel accelerates, but this is only a 
small percentage of the time. Also manoeuvring may play a role, this is not filtered as the angles of 
the pods are not available. Therefore losses due to rudder/pod angles are not taken into account. It 
is likely that weather conditions play a role as well in this comparison, causing higher resistance at 
lower speeds. Additionally, it may be that the speed relative to the water is underestimated and 
overestimated by the acoustic Doppler current profiler, for different cases. This would cause the 
observations to move further away from what can be expected from tank tests. Comparison of 
performed tank tests will be part of further work in WP5.   
The relation between the ship velocity-engine power curve is the accumulation of losses in the 
components of the driveline, resulting in the total efficiency 𝜂𝜂𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒𝑎𝑎𝑒𝑒𝑠𝑠. The efficiencies clearly 
increase towards the higher operational speeds, at lower speeds the efficiencies are low. Only the 
hull does not include losses as the thrust deduction and wake fraction were both chosen at 0.3. The 
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low efficiency at for the propeller can be explained by the fact that thrust has to be delivered at 
low speeds, which corresponds to low efficiencies.  
It is important to notice that data points where the ship accelerates were not filtered from the 
dataset. Therefore it’s likely that part of the power is spend on increasing the ships kinetic energy.  

 
Figure 17: Efficiencies of the driveline components. 

 

Pragmatic approach for right sizing 
For the interactive right-sizing web tool, we want to be able to compare different types of driveline 
configurations and find the recommended sizes of the driveline components. Therefore we want to 
distinguish two resistance curves per vessel (class), one average curve, and a heavy duty curve, the 
latter indicating the high load and shallow water conditions experienced.  
The curves can either come from model tests or from the on board measurements with engine 
power. The average curve is the model test result, with a high load curve that is the model test 
with a penalty factor. When the resistance curve is derived from the measurements, these are 
respectively the mean and the mean plus one standard deviation. The thrust is then determined 
using the above equation for 𝐹𝐹𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑎𝑎𝑒𝑒𝑠𝑠𝑠𝑠.  However, this equation can only be used when the STW is 
known, meaning that the current has to be available. Otherwise, there are two options: the first 
where STW is replaced by the speed SOG, meaning that the ship has to cover a stretch of non-
flowing water in order to determine the resistance curve. This can be either a canal or a lake. If the 
measurements are performed in flowing conditions, the upstream and downstream conditions may 
be distinguished using an estimate of the current in the test section, based on the water currents in 
the Rhine provided by BAW. When splitting up and downstream is possible, this leads to an 
upstream and downstream resistance curve, which can be merged into a single curve 
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Operational power curve 
As a second case study, a 110m container vessel was studied, for which measurements were 
gathered in WP5. The main difference compared with the Symphonie is the lack of depth and 
current measurements. Therefore we have split the measurements for up- and downstream(see 
D5.7) and assumed a current of 5km/h for the current in the river. The results are merged using the 
STW as common axis, and the operational power curve is found in Figure 18. The curve which was 
estimated using the iterative method described in this deliverable.  
As explained before, it is important to realize that this curve cannot be directly compared to tank 
tests, as it is an accumulation of operational conditions, which may include different loading 
conditions, shallow water and weather influences.  

 
Figure 18: Engine power for a 110m container vessel. 

Fuel use   
Using the operational power curve, different driveline configurations can be compared. Here the 
example of the conventional diesel direct and parallel hybrid are taken. The hybrid is defined by 
installing a 600kW PM motor, which is coupled to the propeller shaft via the gearbox. The detailed 
and optimized comparison of the impact of different drivelines on cost-benefit will be covered in 
D2.8 and D2.9. We will however look at the impact of the installation of the 600kW motor on the 
fuel consumption.  
The fuel mass flows for the main diesel engine and the 2 generator sets combined are shown in 
Figure 19. It is seen that the PTI is capable of producing enough torque to drive the propeller up to 
a speed of 3m/s. Here the torque becomes too large, and the main diesel engine is enabled and the 
PTI runs in support mode.  
Below 3m/s, the 2 generators share the load, and together they need more fuel than the diesel 
engine of the conventional diesel direct driveline needs. This is likely to be caused by the gearbox 
losses that are also applied on the electrical driveline. Connecting the PTI directly to the propeller 
shaft would be more efficient, and it may make the hybrid case more efficient.  
Varying fuel flows represent both the increase in required power at the hull, as shown in Figure 18, 
combined with the variation in the efficiency of the driveline producing the power. These are 
expressed in the different expressions for 𝜂𝜂𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑒𝑒𝑎𝑎𝑒𝑒𝑠𝑠. A different working point may be more efficient, 
at thrust and force, torque and rotational speed can be much more efficient. This will be reflected 
in lower fuel use for the engine or generator set. Also the generator sets may share the load more 
economically.  
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The control strategy is such, that nominal torque and power of the electric motor are not exceeded. 
When the propulsion is fully electric, the main diesel engine is declutched.  

 
Figure 19: Fuel flows for direct drive against hybrid with 400kW PTI. No auxiliary load. PTI in electric drive and support.  

 

Conclusions 
This report describes the mathematical energy model for inland waterway vessels, as developed in 
PROMINENT. The energy model aims to simulate a wide range of (hybrid) drivelines, making it 
suitable for comparison of how different driveline configuration perform relatively. Therefore a 
generic driveline model is presented, from which almost all existing vessels can be derived, 
including vessels having SCR after treatment. This is supported by a set of example electric hybrid 
vessels that exists already. The various sub models, that build up the driveline, are described, 
verified by presenting the typical outcomes and validated where possible. The verification indicates 
the correct implementation of the various sub components and gives an impression of how the 
components perform in the context of energy efficiency. Detailed modelling of the component 
performance at part-load is important as wrong dimensioning leads to poor overall efficiency of the 
driveline as losses accumulate. 
In order to apply the model to real case vessels, on board measurements are used to fit the energy 
model to match the delivered engine power exactly. For this, onboard flow and depth 
measurements are used. This shows to be very useful when distinguishing the vessel speed relative 
to the shore from the speed relative to the water, although also speeds unrealistically high for the 
local depth are observed. This asks for better filtering and indicates that study of the echo sounder 
performance is needed, which is subject to further work in PROMINENT. Performing test runs with 
the echo sounder on relatively undisturbed test sections is recommended to improve the confidence 
of the echo sounder.  
In conclusion, the fitted energy model makes is possible to study and compare hybrid vessel 
propulsion configurations. Especially having in differently dimensioned components, as part-load 
conditions can be checked. Therefore, the energy model will be used in the right-sizing tool 
developed within PROMINENT.  
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