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Summary
PROMINENT is a multiannual research- and implementation program for the inland navigation
industry which is funded by Horizon 2020. PROMINENT aims at providing solutions to make inland
navigation as competitive as road transport in terms of air pollutant emissions by 2020 and beyond.
In parallel, PROMINENT aims at further decreasing the energy consumption and carbon footprint of
inland waterway transport (IWT). This is an area where IWT performs better than road transport.
The work presented here focusses on monitoring of NOx, energy consumption, CO2 and operational
profiles on nineteen inland vessels equipped with sensor based on-board monitoring systems during
a long period of normal operation of the vessels. This monitoring provides a better understanding of
operational profiles of various vessels and the real world emission performance.
The objective of this work is to describe the technical evaluation of the on-board monitoring. In
WP3 technical options for certification, monitoring and enforcement procedures for emissions from
inland vessel engines were explored. In this work the options from WP3, related to sensor based on
board monitoring, were experimentally reviewed. More specifically the evaluation is focussed on:
-

-

-

Real world operational profiles and engine power profiles: this includes parameters such as
Speed over Ground (SOG), location and power and exhaust temperature profiles. The
characteristics of the operational profile is essential in the development process of the
drivetrain configuration and to determine if an after treatment system to reduce pollutant
emissions is feasible;
Real Sailing Emissions (RSE): Focussed on the engine performance in real-world, but in the
context of the official pollutants emission legislation. The obvious metric for RSE is g/kWh. As
additional metric NOx emissions in g/kg CO2 is proposed. This can be determined more accurate
(±6%), is very suitable to quickly access the emission performance of an engine and has a firm
relation with the g/kWh emission. Other emission constituents, such as CO, HC and PM can be
periodically checked as well, however these are not measured at the monitored vessels. In
PROMINENT deliverable D5.8 (D5.8, 2017), the RSE methodology is elaborated in more detail;
Environmental Performance Monitoring (EPM): These are results for the whole engine
performance. EPM in this report focusses on permanent on-board monitoring of NOx, CO2 and
energy consumption, and also expressing this in emissions per km, per ton.km and per trip.
Output of EPM can be used for several purposes:
o For reporting environmental performance to public and private stakeholders;
o For efficient navigation and efficient ship design for the ship owners themselves.

Parameters and accuracy
Within WP5, the powertrain parameters to be used for on-board monitoring were experimentally
reviewed based on the assessment in WP3 (deliverable D3.2/3.3). It is advised to use fuel flow and
NOx and O2 or CO2 in the exhaust gas as the main parameters for the mass flow and specific
emissions calculations via the carbon balance method. Power is also based on this fuel flow (with a
fairly good accuracy). With these parameters, it is possible that RSE and EPM monitoring can be
done independent from the engine supplier. The accuracy of this method was theoretically
analysed. It appeared that according to the proposed method, the accuracy is estimated to be
around ±8% for the g/h and g/kWh NOx emissions, with the note that several inaccuracies need
further investigation. The g/h NOx emissions are the basis for g/km, g/ton.km and g/trip emissions
(without further loss of accuracy).
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Monitoring results
In this report the monitoring results of thirteen 1 vessels are described. The operation area and the
vessel types varies greatly amongst the monitored vessels. The most important distinction can be
made between the vessel’s cargo ‘container’, ‘dry bulk’, ‘passengers’ and ‘push boats’. Another
important distinction is the sailing area, which can be broadly divided into the Rhine and the
Danube. All the monitored push boats are operated at the Danube. Therefore, the push boats are
reported separately from the other vessels in upcoming subsections.
Two Rhine vessels have a retrofitted after treatment system installed to lower the pollutant
emissions. The other vessels have engines installed which are compliant to the emission class CCNR
2 or CCNR 1.
As most of the monitored vessels sail on the Rhine or Danube, these vessels are confronted with
current. Therefore, the results are split into ‘upstream’, ‘downstream’ and ‘other’.
For three (Rhine) vessels, the NOx emissions are measured on board of the vessel. For the remaining
vessels, the NOx emissions are modelled. This is done for both the engine out emissions as well as
for the emissions downstream of an SCR catalyst (if this would be installed).
Rhine vessels
In Table 1 a summary of the monitoring results of the Rhine vessels is given. Based on the
monitoring results, the section below describes the most relevant conclusions:
Vessel 1
Container
110m
(with after
treatment)
924

Vessel 2
Container
135m
(with after
treatment)
1173

Vessel 3
Container
135m
(CCNR 2)
1681

2379

413

Speed over ground [km/h]

12.5

12.3

13

10.7

14.4

Power [kW]

435

544

707

371

588

Power [%]

29

26

31

22

44

NOx [g/kWh]

4.2

4.5

8.5

-

NOx/CO2 [g/kg]

6.4

6.9

12.2

-

NOx [g/km]

147

199

294

-

NOx [mg/ton km]

66

55

-

95

-

Fuel [l/h]

108

138

177

96

152

Fuel [l/km]

9

11

14

9

11

CO2 [kg/km]

23

30

36

24

28

CO2 [g/ton km]

10

8

9

8

NOx with SCR [g/kWh]

-

-

0.8

2.8

1.4

NOx (CCNR II) [mg/ton km]

-

-

88

-

-

NOx with SCR [mg/ton km]

-

-

12

29

-

Parameters

Operational
profile

Real Sailing
Emissions (RSE)
Environmental
Performance
Monitoring (EPM)

Indicative /
modelled NOx
emissions

Total time [h]

Vessel 4
Dry Bulk
135m
(CCNR 2)

Vessel 13
Passenger
110m
(CCNR 1)

Table 1: Average operational performance of motor vessels, predominantly sailing on the Rhine (group 1).
Vessel 1 and 2 are equipped with SCR system. Propulsion engines only.

1

Monitoring results of another 7 vessels will be reported in a later phase
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1. Operational profile:
a. On average, the speed over ground during downstream sailing is 50 to 70% higher
compared to upstream sailing, while the average power during downstream sailing
is approximately 1.5 to almost 3 times lower compared to upstream sailing;
b. The average engine power used during sailing is relatively low compared to the
maximum available engine power. Most vessels rarely use the maximum available
engine power. In fact, engine loads higher than 70% are rarely used;
c. The load profiles differ greatly per vessel: average power ranges from 20% to 60%
This is a lot lower than during the official E3 test cycle which is 67%;
d. The amount of idling ranges between 1 and 12%. If idling times of up to 12% can be
avoided, this can lead to a significant reduction of fuel consumption and to an
improvement of local air quality.
2. Real sailing emissions:
a. The two vessels with retrofitted after treatment systems installed, have
approximately 40% to 50% lower NOx emissions than the vessel without after
treatment (CCNR II). However, a higher NOx reduction may be expected from the
vessels with an after treatment system. Possibly uneven NOx distribution in the
exhaust pipe at the sensor location plays a role, with at least one of the vessels.
The vessel without after treatment exceeds the CCNR 2 limit in real world
circumstances. This is probably related to relative low engine loads, during which
specific 2 NOx emissions can increase somewhat;
b. The lowest specific NOx emissions occur for all measured vessels during upstream
sailing. This applies for the vessels with and without an after treatment installation.
In this condition, the engine load and exhaust gas temperatures are higher than
during downstream. This often leads to lower specific emissions
c. NOx emissions were modelled for the two vessels without an NOx measurement. In
addition, the NOx conversion of an SCR catalyst has been modelled for the three
vessels without after treatment system. The possible average NOx reduction under
real world conditions ranges from about 65% to 90%. The possible NOx reduction
during downstream sailing is lower, because exhaust gas temperatures are
sometimes too low for effective NOx reduction with an after treatment system. Not
all vessels have a suitable operational profile to apply after treatment systems. For
example, one vessel would have in 50% of the time exhaust temperatures which are
too low for effective NOx emission reduction;
d. The results in NOx/CO2 show a similar trend as the results in g/kWh for the
measured vessels.
3. Environmental performance monitoring:
a. Relatively large vessels with low emissions in g/kWh, can have high emissions in
g/km;
b. The emissions in g/km can deviate significantly for each individual vessel when upand downstream sailing is compared, during upstream sailing the NOx emissions in
g/km are 2 to 4 times higher than during downstream sailing;
c. The average fuel consumption and CO2-emisssions per kilometer upstream can be 3
to 4 times higher compared to downstream sailing.
2

Emissions per unit (kWh) of mechanical engine work
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Danube vessels
In Table 2 a summary of the monitoring results of the Danube vessels is given. Based on the
monitoring results, the section below describes the most relevant conclusions:

Parameters

Vessel

Vessel

Vessel

Vessel

Vessel

Vessel

Vessel

Vessel

5

6

7

8

9

10

11

12

Pusher

Pusher

Pusher

Pusher

Pusher

Pusher

Pusher

Pusher

600

1900

1900

1900

2500

2500

2500

2500

kW

kW

kW

kW

kW

kW

kW

kW

Total time [h]

6961

6124

5722

6268

2310

5485

3681

6107

Operational

SOG [km/h]

profile

Power [kW]

10.1
281
47
74
7
20
7
1.0

7.3
678
36
170
23
62
8
1.4

7.7
643
34
162
21
56
7
1.3

7.3
645
34
162
22
60
7
1.4

7.7
834
33
207
27
72
7
1.5

8.7
766
31
191
22
59
6
1.7

8.4
767
31
191
23
61
6
1.7

7.8
822
33
204
26
70
7
1.6

62

113

102

109

104

86

89

102

9

16

14

15

17

15

15

17

Power [%]
Environmental

Fuel [l/h]

Performance

Fuel [l/km]

Monitoring

CO2 [kg/km]

(EPM/OBM)

CO2 [g/tkm]
NOx with SCR

Indicative /
modelled NOx
emissions

[g/kWh]
NOx (CCNR II)
[mg/tkm]
NOx with SCR
[mg/tkm]

Table 2: Average operational performance of push boats, all sailing on the Danube. Propulsion engines only.

4. Operational profile:
a. On average, the speed over ground during downstream sailing is often more than
60% higher compared to upstream sailing, while the average power during
downstream sailing can be 1.5 to 1.7 times lower compared to upstream sailing;
b. The average engine power used during sailing is 30% to 47% which is relatively low.
Engine loads higher than 60% are rarely used. This is substantially lower than during
the official E3 test cycle (average power is 67%);
c. The average amount of idling time is approximately 10%. If such idling times can be
avoided, this can lead to a significant reduction of fuel consumption and to an
improvement of local air quality.
5. Modelled NOx emissions:
a. NOx emissions were modelled for all the Danube vessels since no NOx measurement
is performed. The NOx conversion of an SCR catalyst have been modelled for these
vessels as well. The possible average NOx reduction under real world conditions
ranges from about 80% to 90%. Effective NOx reduction with an SCR catalyst is not
continuously possible for most of these vessels. Most of these vessels have around
30% of the time exhaust temperatures which are rather low for a completely
effective NOx emission reduction. Hence, around 70% of the time, the exhaust
temperatures are sufficient for effective NOx reduction with an SCR.
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6. Environmental performance monitoring
a. Without the application of an after treatment system, the average modelled NOx
emissions per kilometer upstream are on average around 2.5 times higher than with
downstream sailing. The same difference applies for CO2 emissions and fuel
consumption. When an after treatment system would be applied, the NOx emissions
upstream would be approximately 2 times higher compared to downstream. This
smaller difference of 2 instead of 2.5 is the effect of insufficient exhaust
temperatures which occur in some occasions during downstream sailing.
Detection of elevated emissions with monitoring
In the previous section the average results of multiple months of monitoring were evaluated. For on
board monitoring, especially for engines which need to comply with stringent emission
requirements, it would be important to detect elevated NOx emissions when they occur. For
example, this may be interesting for future enforcement agencies.
A few examples of visualisation possibilities are given in order to detect too high NOx levels,
without being exhaustive. By using a scatter plot with hourly NOx/CO2 values during the complete
monitoring period and/or a time series with an average NOx/CO2 emission value throughout a certain
period, it is possible to get an overview of emissions throughout a certain period and to detect
possible elevated emissions during a specific period.
Instead of a one day average also one week average emissions can be considered for this
visualization. Also g/kWh NOx values can be plotted instead of NOx in g/kg CO2.
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1
1.1

Introduction
Introduction to PROMINENT

PROMINENT is a multiannual research and implementation program for the inland navigation
industry which is funded by Horizon 2020. PROMINENT focusses on researching, testing and
introducing alternative energy concepts and technologies for the European industry of inland
navigation which are economically viable, safe and environmentally friendly.
Previous projects are, amongst others, PLATINA and PLATINA II. These projects supported the
European Commission with the implementation of NAIADES and NAIADES II 3. The NAIADES II
programme will facilitate long-term structural changes in the inland waterway transport sector. It
also includes short term actions currently being undertaken by the Commission to address the
difficult economic situation of the sector. Regarding new directives the European Commission is
aware of the complexity of the existing market and makes 4 a few statements regarding emissions.
“The approach to be adopted on emission limits should be strictly technology neutral from the
perspective of engine technology and fuel choice. Due to this, it is assumed that the technology
with the best cost/benefit characteristics would prevail”.
“When defining new emission limits for the IWT engines, it may be necessary to differentiate
between small and large vessels and between existing and new engines because of the
technological and economic limitations that existing engines and small vessels face. The
Commission is also aware that sufficient time must be allowed for the sector to adapt to more
ambitious emission limits.”
“Although IWT emits much less CO2 than road transport, the external costs of its emissions to
air (air pollutants and CO2) are roughly equal to those of road transport. This is due to the
higher cost of IWT air-pollutant emissions.”

1.1.1 Innovations improving the environmental performance of IWT
The European IWT fleet consists of approximately 18,000 vessels (and 40,000 crew members) and
plays a crucial role in major transport chains. The sector has a large potential to become more
environmentally friendly (i.e. reduction of Green House Gases and pollutants) and transport chains
can also be improved by shifting more cargo to the IWT sector, which reduces congestion on the
European roads. During the last years, the European Commission and the partners of the PROMINENT
consortium have been investing in the promotion of (technological) innovations in the inland
navigation industry. For more information on these innovations, the reader is referred to other
PROMINENT reports.

1.1.2 PROMINENT objectives
PROMINENT aims at providing solutions to make inland navigation as competitive as road transport
in terms of air pollutant emissions by 2020 and beyond. In parallel, PROMINENT aims at further
decreasing the energy consumption and carbon footprint of IWT. This is an area where IWT performs
better than road transport.

3
4

http://www.naiades.info/
http://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex:52013DC0623
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For inland waterway vessels, the current engine emission standards are CCNR Stage II and EU NRMM
Stage IIIA. More stringent (future) emission standards like EU Stage IV/V for inland vessels will
require reductions of NOx and PM emissions between 60 and 90%. PROMINENT aims to support the
widespread implementation of innovative and environmentally friendly solutions in IWT to improve
the sector’s economic competitiveness and environmental performance. In addition to the
development of “hardware” solutions, PROMINENT will also focus on improving the framework
conditions, which are primarily responsible for the current stagnating innovation levels in the IWT
sector. This will be done by setting clear and achievable targets.

1.1.3 Targets of PROMINENT
The goals of PROMINENT are:
1. Developing cost-effective solutions and standardised applications (reducing required
investment costs):
 70%+ coverage – Developing solutions that are applicable to at least 70% of the
European inland fleet and their operating areas.
 30% costs reductions – Reducing implementation costs of innovative greening
solutions by 30%.
2. Involving all relevant actors concerned in the research and innovation process
 100% inclusive - All stakeholders required for the full coverage of the innovation
cycle from initial concept to real-life deployment are to be taken on board.
3. Actively addressing and removing current implementation barriers by 2020
 Visible and physical results by 2017 – Producing results on the ground during the
project lifetime
PROMINENT has 2020 as ultimate time horizon. With respect to this time frame, another goal is:
4. Setting up a roll-out strategy which is geared towards producing the required full impacts by
no later than 2020.

1.2

PROMINENT D5.7 scope and definition

Deliverable 5.7 is part of Work Package 5 (WP5). In WP5 on-board measurements and continuous onboard monitoring are carried out within SWP5.1 and SWP5.4. The work presented here focusses on
monitoring of NOx, energy consumption and operational profiles on a series of vessels covering the
Rhine, Danube and also some other waterways. The vessels are equipped with sensor based onboard monitoring systems during a long period of normal operation. This monitoring provides a
better understanding of operational profiles of various ships and the real world emission
performance.

1.3

PROMINENT D5.7 objectives

The objective of this work is to describe the technical evaluation of the on-board monitoring. In
WP3 technical options for certification, monitoring and enforcement procedures for emissions from
inland vessel engines were explored. In this work the options from WP3, related to sensor based on
board monitoring of NOx, energy consumption and CO2, were experimentally reviewed. More
specifically the evaluation is focussed on:
1) Real world operational profiles and engine power profiles;
2) Real life performance of conventional engines and advanced emissions control systems, this
performance is split up in two groups with different functions:
a. Real Sailing Emissions (RSE), focussed on the engine performance in the context of
the official pollutants emission legislation for NOx emissions;
b. Environmental Performance Monitoring (EPM), focussed on the (overall)
environmental performance of the whole ship. This is meant shipping companies,
clients of shipping companies and public stakeholders.
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1.4

Definitions and list of abbreviations

Certification
Certification according to the European Directives 97/68/EC and 2004/26/EC, is the technical and
formal determination of exhaust gas emissions according to a prescribed procedure of every new
type of combustion engine with or without an exhaust after-treatment system. Certification
contains an administrative and technical part. The emission tests are normally carried out in an
engine laboratory. However, for retrofit systems also on-board certification tests are carried out.
The tests must be accurate and reproducible. In the type approval documents and emission
certificates the specification of the engine and the emission test results are reported.
Monitoring
Monitoring is the collection and storage of on-board ‘real’ sailing emissions and/or operating data.
The monitoring system which contains sensors and a data logger is (permanently) installed on board
and collects and stores continuously all the real time engine operating parameters and emission
data.
Enforcement
Enforcement deals with activities which are dedicated to in-use compliance of combustion engines
and aims to secure emission levels which are set in the classification phase. The enforcement
activities are related to administrative and technical issues. It must contain test procedures and
criteria to check the engine configuration and to criticize the measured engine emission.
Retrofit
Retrofit refers to adding technology or features to an existing system. In the automotive industry
this can be interpreted as any type of emission after-treatment system (e.g. SCR (Selective
Catalytic Reduction), DPF (Diesel Particulate Filter)). For vessels, retrofitting is a much broader
concept. Retrofitting can be any type of (large) change to a vessel and does not always relate to
emission after-treatment systems. Elongation of a vessel, turning a tanker into a bulk carrier,
changing the deck house of a bulker into a moveable superstructure so that the vessel can also carry
containers: these are all examples of retrofits. These changes are fairly common in the inland
navigation industry due to the long lifetime of the vessels.
RSE

Real Sailing Emissions
RSE Factor
RSE is a new word in the context of NRMM, engines for Inland Waterway Transport. It is the
equivalent to RDE, Real Driving Emissions for road vehicles. For heavy-duty vehicles and cars,
specific RDE test procedures are in place. This is necessary to obtain a better correlation between
type approval emissions and emissions in practice. Main differences between type approval and real
life include the difference in load pattern and difference in ambient conditions (weather
conditions).
Real sailing emissions are the average emissions in g/kWh during normal sailing (in the engine
control area). The RSE factor is applied to the official limit values based on standard test cycles
(E3, E2).
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EPM
Environmental Performance Monitoring
OBM
On-Board Monitoring system
Environmental Performance Monitoring uses an on-board monitoring system for the transmission of
data on the environmental performance of a vessel to a central database and the relevant
stakeholders. Data may include the performance of NOx, CO2, fuel consumption, power and location
of a vessel to be used for several purposes. The stakeholders may be an independent authority.
PEMS
Portable Emissions Measurement System
PEMS was specially developed for road vehicles for measurement of Real Driving Emissions (RDE), an
official part of the type approval. PEMS can be used to test emissions in on vehicles, ships and
machines in their real application. These ‘portable laboratories’ have analysers and equipment to
measure the environmental performance of engines in real sailing conditions.
SEMS
Smart Emissions Measurement System
SEMS is a smaller and simpler version of PEMS. SEMS combines data from the ECU with emission
sensors to measure/compute the emission performance of engines in real sailing conditions.
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Table 1.2 Abbreviations

CCNR
CO
EC
EPM
GHG
ISO
IWT
NRMM
OBM
OEM
PM
RDE
RSE
RPM
SCR
SEMS

Central Commission for the Navigation of the Rhine
Carbon Monoxide
European Commission
Environmental Performance Monitoring
Green House Gas
International Standardization Organization
Inland Waterway Transport
Non-Road Mobile Machinery
On Board Monitoring
Original Equipment Manufacturer
Particulate Matter
Real Driving Emissions
Real Sailing Emissions
Rotations Per Minute
Selective Catalytic Reduction
Smart Emissions Measurement System
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2

Description of measurement equipment

Various types of on-board measurements have been carried out by the different research partners.
This chapter presents which equipment is installed on-board by each partner.

2.1

Detailed description On-Board Monitoring systems

2.1.1 TNO
The on board measurement equipment by TNO is a data acquisition system called ‘SEMS’. SEMS is
the abbreviation for Smart Emissions Measurement System. SEMS is meant as an emission screening
tool and can be applied at various vehicle and vessel types.
This system contains various elements. The next figure shows which equipment is installed on board
of the vessels. Optionally, a fuel consumption meter can be connected to the SEMS. However, in
most cases the fuel consumption signal from the Can bus is used.

As shown in the figure above, SEMS does not measure al regulated emission constituents, as HC, CO,
and particle emissions are missing.
A SEMS unit combines measured data with data which is available on the CPU. These data are then
processed, along with geographical data from the GPS, and all the emission values and parameters
are computed. The CO2 concentration for example, is computed based on the hydrogen content of
the fuel and the measured O2 data. The working of the SEMS is further explained in some
publications, including (Vermeulen, Ligterink, Vonk, & Baarbé, 2012) and (Kadijk, van Mensch, &
Spreen, 2015).
Depending on the configuration of the vessel and the available data via CAN or analogue signals,
some parts of the SEMS can be omitted. This is the case, for example, when the temperature of the
exhaust gases is available via CAN: there is no need to install an additional thermocouple. On the
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other hand: when additional data (which is useful for other work packages in PROMINENT) can be
retrieved, from for example of a depth measurement device, the SEMS can be equipped to read
these data as well. The SEMS system can also use analogue connectors to collect the signals.

Figure 1: A SEMS unit is installed on top of the control cabinet

Figure 2: A NOx sensor is installed in an exhaust pipe

Figure 3: A NOx sensor is installed in an exhaust pipe
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2.1.2 MULTRONIC
The emission measurement systems which are used by Multronic are very comparable to the SEMS
installed by TNO.

Figure 4: Components of the SEMS system used by Multronic

A dedicated MULTRONIC logger measures and logs all required inputs. The logger can be connected
to a number of analogue inputs, the vessel’s CAN bus line and digital automotive sensors
communicating over CAN bus. It measures/registers all required values and stores them internally.
Simultaneously the values required for the OBM calculations are broadcasted to an automatic
vehicle location module. This module also hosts the GPS receiver and broadcasts position, vessel
speed and emission parameters to a server.
The number of analogue sensors changes depending on the information available on the CAN bus
line of the vessel. RPM was available on all vessels with CAN bus. In most cases MAP was also
available. In the case of a vessel where CAN bus line was not available (Not present or we were not
granted access), a MAP (Manifold Absolute Pressure) sensor was placed and RPM was measured as a
frequency input.
The data transmitted to the server has to be post processed in order to obtain the requested
variables. This dataset is sent manually to TNO, which uploads it to the main server. Full integration
of both systems is beyond the scope of the test pilot in PROMINENT.
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2.1.3 BAW
For the pilot on energy efficient navigation in the Rhine region an advanced measurement set-up is
installed on the vessels. Due to significant variations of hydrological, nautical and vessel related
boundary conditions usually no trips in inland navigation can be compared directly. These conditions
comprise current velocities, water depths, ship draught, required speed for schedule keeping,
traffic and others. Therefore, the validation of potential fuel savings by an energy efficient sailing
policy requires very detailed analysis based on a vast amount of measurement data.
Additionally, the calculated advice on the most efficient rpm and track choice can at best be as
good as the underlying models for waterway and vessel. These models coming from the waterway
administration, from processed tank tests and empirical approaches need to be validated
themselves. Therefore, information already available on the vessels, e.g. from the engine control
unit or loading computer, is combined with the signals from dedicated sensors within a PLC system.
This system processes the data from various sources, stores and transmits them in a unified data
format to the land-based database. The sensor concept includes advanced echo sounders, flow
meters to determine the flow conditions and vessel’s speed against water and differential GPS
antennas. For further details see the comprehensive description of the installations in D2.3 and
D5.5.

2.1.4 NAVROM
Navrom uses echo sounders which are Smart type (235 KHz) with 0.1m precision. The measurement
is for water depth (and water velocity) at any point close to the vessel on the radius of 100 m. The
equipment is mobile.

2.2

Detailed description On-Board Measurement system

2.2.1 SGS
SGS measures the emissions of O2, CO2, CO. NOx (NO + NO2), CxHy and PM with Standard Reference
Material conforming to European standards.
O2, CO2, CO, NOx (NO + NO2)
The sample is taken in the exhaust pipe and transported via a heated Teflon sample line to a flue
gas cooler to remove the water content in the sample. An important issue with the flue gas cooler is
the possibility of washing out the NOx-content in the sample when the contact period between
sample and H2O is too big.The concentrations O2 (vol%), CO2 (vol%), CO (vppm) and NOx (vppm) are
measured dry.
• The O2 is measured with paramagnetic measuring principle according to EN 14789.
• The CO2 is measured with Non-Dispersive Infra Red measuring principle according to ISO
12039.
• The CO is measured with Non-Dispersive Infra-Red measuring principle according to EN
15058
• The NOx is measured with chemoluminescence measuring principle according to EN 14792
CxHy
The sample is taken in the exhaust pipe and transported via a heated Teflon sample line to a
Heated Flame Ionisation Detector. The CxHy is measured as vppm in wet exhaust gas. The humidity
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in the exhaust gas is calculated from the fuel composition, the O2 content in the exhaust gas and
the fuel consumption. The humidity is needed to recalculate the CxHy as dry. The CxHy is measured
with Heated Flame Ionisation Detector measuring principle according to EN 12619.
PM
The PM is measured according the ISO 8178 by using dilution. The exhaust gas is diluted with fresh
dry ambient air in order to reduce the temperature to 45 – 52 °C before the filter in order to
capture the condensable and non-condensable part of PM on the filter. In case of temperatures
above 52 °C, the condensable part of the PM will not be captured on the filter.
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3
3.1

Monitoring scope
Monitored vessels

Within PROMINENT monitoring takes place on 19 vessels for several sub-work packages of WP5. For
these 19 vessels the operational profiles and driveline load profiles were evaluated. The initial
reporting was limited to 5 Rhine and 8 Danube vessels. In 2018, six Rhine vessels are added to this.
These last six ships is referred to as ‘Rhine vessels group 2’. The results are reported in section 4.3,
and also in Appendix B (8.2 factsheets per vessel).
The specifications of the first 13 vessels are given in the Table 3. The average payload is an
important parameter for the g/ton.km emissions. The average payload for the motor vessels are
based on the maximum load capacity and an estimated average payload density of 70%. This 70% is
estimated from the PROMINENT deliverable 1.1 5 where representative journeys were selected for
multiple ship types. The average payload density includes empty trips, although most of the vessels
analyzed in D1.1 had return loads.
The maximum payload of the Danube push boats depends on the amount of lighters (a barge used to
transfer goods) which are pushed. In PROMINENT deliverable 1.15, the maximum payload ranges
between 6400 and 17400 ton. The actual payload carried ranges between 4400 and 12000 tons. The
average payloads as shown in Table 3 are estimated based on the afore-mentioned numbers in
combination with the vessel’s engine power.
Figure 5 shows the cargo load capacity and engine power as a function of the vessel length for the
motor vessels. As can be expected, the linearity between these parameters is very strong.
Figure 6 provides an geographical overview of the sailing area of some random vessels which are
monitored within the PROMINENT project (sailing areas of all vessels are given in table 2).

5

http://www.PROMINENT-iwt.eu/wp-content/uploads/2015/06/2015_09_23-PROMINENT-D1.1ANNEX-A3-List-of-representative-journeys.pdf
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8

Maximum Estimated
Length Operation
payload average
Cargo
(m)
area
(ton)
Payload [ton]
Rotterdam
2240
Containers
110
- Basel
3200
AR 3640
Containers
135
Cologne
5200
Antwerp to
3920
Containers
135
Mainz
5600
ARA + Rhine
3080
Dry Bulk
135
+ Danube
4400
3000
Push Boat
20
Danube
8000
Push Boat
35
Danube
8000
Push Boat
35
Danube
8000
Push Boat
35
Danube
-

EPA Tier 1

2

1900

9

Push Boat

35

Danube

-

10000

EPA Tier 1

2

2500

10

Push Boat

35

Danube

-

10000

EPA Tier 1

2

2500

11

Push Boat

35

Danube

-

10000

EPA Tier 1

2

2500

12

Push Boat

35

Danube

-

10000

EPA Tier 1

2

2500

13

Passengers

110

Rhine

-

-

CCNR 1

3

1350

ID
1
2
3
4
5
6
7

Emission
Number of
class
engines
CCNR 1 +
SCR / DPF
1
CCNR 1/2 +
SCR
2

Total
power
(kW)
1500
2100

CCNR 2

2

2300

CCNR 2

2

1700

EPA Tier 2

2

600

EPA Tier 1

2

1900

EPA Tier 1

2

1900

Table 3: An overview of the ships and their specifications and typical work.

Figure 5. Overview ship specifications: cargo load capacity and total propulsion power as function of the
length
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Figure 6: An impression of the measurement scope in terms of location. Note measurement errors of the
location.

3.2

Measured parameters

The available measurement data differs per vessel. For example, only on vessel 1,2 and 4
monitoring takes place with actual continuous measurement of exhaust gas emissions (NOx), these
data is to be augmented with the measurements of Multronic. This is indicated in Table 4. For the
vessels without NOx measurement, NOx levels are modelled.
Measurements performed by
Measured vessels [Vessel ID]

TNO

Multronic

BAW

NAVROM

1,2,4

-*

3,13

5-12

Parameter available [yes/no]
Speed over Ground [km/h]

Yes

Yes

Yes

Yes

Position

Yes

Yes

Yes

Yes

Fuel [L/h]

Yes

Yes

Yes

Yes

Engine speed [rpm]

Yes

Yes

Yes

Yes

NOx [ppm]

Yes

Yes

No

No

O2 [%]

Yes

Yes

No

No

T [C.]

Yes on
some
vessels

Yes

-

-

* To be updated in next version of this report

Table 4: measured parameters
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3.3

Calculated parameters

Ultimately, the following typical figures are of most interest: emissions per kilometer, the fuel use
per (ton) kilometer, the power distribution and the specific emissions (g/kWh emissions)– also for
each different sailing condition: upstream, downstream, still-water, etcetera. These quantities are
derived from continuous 6 on-board measurements. To go from the on-board measurements to the
derived quantities, non-trivial calculations are made. Some quantities are derived rather directly
via physical laws while others are estimated using regression models based on engine bench tests.
The most relevant derived quantities are ‘power’, ‘mass NOx’ and ‘mass CO2’ emissions. A
discussion of the estimated accuracy of the most important quantities is given in the following
subsection and in the appendix A. Regarding the topic of accuracy, see also PROMINENT report D3.3
‘Assessment of options for monitoring and enforcement’ pages (D3.2/3.3, 2016).

3.4

Calculation Procedures

In this section an overview is given of the calculations used to go from the available measurements
to the quantities of interest. This involves calculations of NOx and CO2 emissions and the conversion
from emission mass per time unit to emission mass per kilometre.
This section begins with the possible non-trivial calculation procedures. A high level overview - in
terms of input and outputs – is given in Figure 7.

6

Note, the synchronicity/alignment of the measurements is of key importance i.e. only then it is possible to derive the
emissions per distance, etc.
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Figure 7: An illustration of the used calculations. *NOx in mg/s is calculated via fuel flow, the calculation
method as shown in the red coloured box is not used.

Next is a single subsection on more straightforward calculation procedures. This involves conversion
from mass flow - i.e. mass per time unit - to mass per kilometre, per combusted fuel mass/volume,
per produced amount of mechanical energy. This is illustrated in Figure 8 for the NOx mass flow.
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Figure 8: A diagram depicting a collection of relatively straightforward calculations.

3.4.1 Non-Trivial Calculation Procedures
Mass Fuel Flow
The mass fuel flow – the mass of fuel combusted per time unit – is estimated straightforwardly from
the volume of fuel combusted per time unit via the density. The mass fuel flow is key in estimating
other quantities.
Carbon-Dioxide Mass Flow
More than 99% of the carbon-molecules in the fuel ultimately end up in carbon-dioxide molecules.
Accordingly, the mass flow of carbon-dioxide is estimated from the mass fuel flow via a constant
coefficient. This constant follows from a carbon-balance.
Mass Air Flow and Total Mass Flow
Mass air flow is the mass of air that flows into the engine per time unit. The total mass flow is the
mass air flow plus the mass fuel flow. The total mass flow allows one to estimate emission mass
flow from emission concentrations. The mass air flow follows from the mass fuel flow and the
concentration of oxygen in the exhaust. Again via a carbon-balance, under the assumption of a
nominal carbon content of the fuel.
Nitrogen-oxides (NOx)
The concentration of NOx is measured in the exhaust. The mass flow of NOx is estimated from this
measured concentration and the estimated total mass flow of exhaust gas.
Nitrogen-oxides and exhaust temperature modelling
NOx is measured on the ships of TNO and Multronic. For the other vessels an estimate of the NOx
emissions is made. This estimation is done using the CCNR class of the engines, in combination with
the fuel use of the engine. NOx and fuel are assumed to be proportional.
For vessels that do not have a SCR or have calculated NOx, also the effect of a SCR is simulated.
The conversion depends on exhaust temperature. The exhaust temperature directly before or after
the SCR catalyst was not always available. Therefore, the exhaust temperature was modelled for
most of the vessels. As a strong correlation between engine load and exhaust temperature exists,
the modelling is based on these parameters which were obtained via a vessel with a valid exhaust
temperature measurement.
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Engine Power
The engine power is calculated from the mass fuel flow and an efficiency coefficient. This
efficiency coefficient is based on engine bench tests (engine specifications). Note, often only a
single propulsion engine was measured under the assumption that a vessel with multiple engines
runs these engines in a balanced manner. The total engine power is estimated by multiplying the
engine power of the measured engine by the number of engines.
Sailing Conditions
The split in the data for up- and downstream sailing is made by comparing successive positions of
the vessel on the fairway. The positions were translated to fairway kilometres points, the difference
between the kilometre points indicates whether the vessel is moving upstream and downstream.
Assigning kilometre points to measurements is done using the maps that were available during the
project, which covered practically all the tracks on the Dutch fairways, the German Rhine and the
Danube. Points that could not be assigned a place on the map were indicated as “other”. The maps
were made available by different partners/sources:
- Netherlands: ‘Nationaal georegister’
- German Rhine: as provided by BAW
-Danube: as provided by Viadonau

3.4.2 Unit Conversion
Mass per kilometre
By taking the ship velocity into consideration we convert from mass flow – mass per time unit – to
mass per kilometre. We expect the measurement uncertainty in the location to be of an order of 10
meters.
Mass per kilogram/volume of combusted fuel
By taking the mass fuel flow into consideration we convert from mass flow of emissions to emissions
expressed in terms of mass per combusted fuel mass i.e. mass per kilogram fuel.
Mass per kilowatt-hour
By taking the engine power output into consideration, the mass flow of emissions is converted to
mass per kilowatt-hour, i.e. specific emissions.

3.4.3 Estimated accuracies with on-board monitoring
In Table 5 a theoretical comparison is made for the involved parameters and the associated
accuracies for on-board NOx monitoring. In PROMINENT deliverable D5.8 (D5.8, 2017), accuracies of
different measuring methods are compared, in this report the focus is solely on the on-board
monitoring method.
The sensor accuracies originate from the sensor supplier. For the engine efficiency reference is
made to appendix A of this report. Also the following inaccuracies are added, mostly on an expert
view basis:
-

Accuracy calibration gas
Cross sensitivity NH3, NO/NO2 ratio
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-

NOx inhomogeneity at the sample point
Pressure sensitivity of NOx/O2 sensor

It is recommended to further investigate these inaccuracies. Moreover, the complete measurement
system should be compared with results of laboratory testing in cross-validation experiments.
The total accuracy is calculated by taking the square root of the sum of the quadrat of the
individual accuracies. This can be done if the accuracy of individual parameters have a normal
statistical distribution.
From Table 5 it can be concluded that, theoretically, the total uncertainty of the on-board emission
measurements range in general from ± 6% to 8%, with the note that several inaccuracies need
further investigation. The exhaust flow and engine power are not measured with this method.
Instead, fuel flow and engine efficiency are used. With ±6% the monitoring of NOx in g per kg CO2
remarkably accurate. This is due to the fact that relatively fewer parameters are involved.
The usage of fuel flow and NOx and O2 or CO2 in the exhaust gas as the main parameters for the
mass flow and specific emissions calculations via the carbon balance method are very suitable.
Power is also based on this fuel flow (with a fairly good accuracy). With these parameters, it is
possible that RSE and EPM monitoring can be done independent from the engine supplier.
Table 5: Comparison of accuracies and involved parameters for on-board NOx monitoring. All accuracies are ±
the listed value.

Parameter

NOx/
Power Nox
Nox
CO2
[kW] [g/h] [g/kWh]
[g/kg]

NOx concentration from sensor
02/CO2 concentration from
sensor
Calibration gas
Cross sensitivity NH3, NO/NO2
ratio
Measuring point NOx
inhomogeneity
pressure sensitivity

2%

2%

2%

2%

2%

2%

2%

2%

2%

3%

3%

3%

3%

3%

3%

2%

2%

2%

Fuel flow**

4%

4%

BSFC/engine efficiency

3%

3%

3%

1%

1%

8%

7%

Fuel carbon content
Total accuracy

5%

6%

* In order to check the quality of the used sensor(s) and instruments, a periodically calibration is needed.
** Fuel flow can be derived from an installed fuel flow meter, or from the CAN-bus of the engine(s). Modern engines often
have this parameter available, in those cases this data was used for the monitoring in this project. However, the accuracy
of the fuel flow is formally not regulated.
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3.5

The collection and processing of data

Data collection and transfer
The data collection, transfer and processing procedure is visualized in Figure 9, and described
hereafter.
The measurements with the on board measurement devices are performed during normal operation
of the vessel over a period of several months. Sensor readings and readings from the vessel’s onboard diagnostics are stored once per second on a memory card inside the device. At the end of a
trip, the device sends the measurement data in blocks of one hour each to a computer in
Groningen, using a sender/receiver of the type that is used in mobile phone. This can be done from
anywhere in the world, as long as there is a mobile signal. The data is temporarily stored at the
receiving computer.
The TNO computer checks once per day if new data blocks have been uploaded by any vessel. The
new data is processed as follows:
• Data is checked for invalid measurements;
• Data set is cleaned. For instance, if the engine is off, all emission values are written to
zero;
• Invalid individual values (spikes) are corrected;
• Derived information is added, such as a marker if the engine is running, a marker if the
engine is at working temperature, etc.;
• A number of parameters are calculated, for example engine power, NOx mass emissions and
specific NOx emissions (g/kWh);
• Visualisation of data.
Then the data is written to the right location in a large database, which stores all measurement
data of all vessels.
Subsequently, after the measurement campaign (or at any moment desired), a calculation will be
performed, which converts emission concentrations to mass emissions per kilometre or per kilowatthour of energy delivered by the engine(s). The result of the calculation is stored as well in the
database.
The database is structured as shown in Figure 10. The data flow of the measurements performed by
the different systems are mostly similar to each other. The difference mainly lies in the
broadcasting and post processing frequency.
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0111001000
0111001000
1110100110
1110100110
0101101010
0101101010
1110010011
1110010011

Secured environment

Data
cleanup

Database

processed

raw

calculations
Figure 9: Data collection and processing
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Barge
ID (name)
LOA
Beam
…
Engine
Barge ID
Rated power
Fuel type
…
Measurement
session
Engine ID
Start time
End time

Measurement
Session ID
NOx concentration
O2 concentration
Exhaust gas temp.
…

Sensor
Sensor ID
Sensor type

Sensor
calibration
Offset
Gain …

Figure 10 Database structure
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4

Monitoring results

The results of the on-board monitoring of the regular vessels and pushers are presented in the
following subsections. The results are split in three categories:
- Operational profile: This includes parameters Speed over Ground (SOG), average power (in kW
and %) and exhaust temperature. The operational profile is very important during the
development process of the drivetrain. The average and maximum power play an important role
in the choice of the engine and drivetrain configuration. The exhaust temperature is important
in order to determine if an after treatment system to reduce pollutant emissions is feasible.
- Real Sailing Emissions (RSE): these results are expressed in typical engine metrics, and can be
compared with the engine emissions type approval. Such a method is equivalent to Real Driving
Emissions (RDE) for automotive vehicles. Monitoring in the context of EC Regulation 2016/1628,
focused on the engine in his applications.
o NOx g/kWh - traditional metric for engine emissions
o NOx/CO2- much simpler metric based on exhaust gas composition only:
 An important advantage of the NOx/CO2 ratio is the fact that it is relatively
constant across the engine map. It does not steeply rise at low power or torque
such as with the g/kWh metrics (caused by division by near zero power). Of
course, for both metrics there is the effect of after treatment, where NOx
control needs a certain light off temperature and hence a minimum power level
to reduce NOx.
o Other emission constituents, such as CO, HC and PM can be periodically checked as
well, however these are not measured at the monitored vessels. In PROMINENT
deliverable D5.8 (D5.8, 2017), the RSE methodology is elaborated in more detail.
- Environmental Performance Monitoring (EPM): these are results for the whole ship performance,
expressed in g or kg per km and per ton.km. The ton.km are based on the average payload of
the ship as described in paragraph 3.1. This monitoring is mainly interesting for clients of
shipping companies, public stakeholders and shipping companies.

Operational profile
Speed over Ground (SOG)
[km/h]
Exhaust temperature
[DegC]
Power [%] and [kW]

Real Sailing Emissions
(RSE)

Environmental
Performance Monitoring
(EPM/OBM)

NOx [g/kWh]

Fuel [l/h]

NOx/CO2 [g/kg]

Fuel [l/km]
NOx [g/km]
NOx [mg/ton km]
CO2 [kg/km]
CO2 [g/ton km]

Table 6: Categorization of the results

Most of these vessels sail on rivers with current. Hence, the results are given including the average
results split in upstream, downstream and ‘other’, as described in 3.4.1 under ‘sailing conditions’.
As described in the previous chapter, the operation area and the vessel types varies greatly amongst
the monitored vessels. The most important distinction can be made between ‘Push boats’ and
‘motor vessels dry cargo’, and the Rhine and Danube. All the monitored push boats are operated at
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the Danube. Therefore, the push boats are reported separately from the other ships in upcoming
subsections.
In Appendix B a factsheet with the results of each vessel is given. Each factsheet consist of a table
with the specifications of the vessel and multiple figures which are in most cases divided in up- and
downstream sailing. The figures are related to the following aspects:
-

Exhaust temperature profile;
Speed profile;
Fuel consumption profile;
Engine power distribution;
NOx emissions.

For three (Rhine) vessels, the NOx emissions are measured on board of the vessel. For the remaining
vessels, the NOx emissions are modelled. This is done for both the engine out emissions as well as
for the emissions downstream of an SCR catalyst (when this would be installed). The engine out
emissions are based on simple emission factors in g/kg fuel depending on the emissions CCNR
classification. For the SCR conversion, a typical SCR NOx conversion characteristic as a function of
exhaust gas temperature is used. For more details refer to Appendix A.
The reported results apply for the main engines only, auxiliary engines are not taken into account in
this report. As an indication, the fuel use of auxiliary engines is approximately 13% of the fuel used
by the main engines (Hulskotte, Bolt, & Broekhuizen, 2003).

4.1

Results Rhine vessels group 1

In Table 7 the average operational performance of the measured vessels is shown, in this table four
motor vessels and one passenger vessel are included. It should be noted that idling periods are
excluded from the analysis. In Table 8 the results are divided into upstream, downstream and other,
this table also provides an overview of the idling time, which is excluded in the rest of the data.
The monitored duration in time ranges between approximately 400 and almost 2400 hours. Such a
quantity of data provides a solid basis for analyses. For detailed graphical results per vessel, refer
to Appendix B.
In the following subsections, the results are discussed according to the categorization of the results
as mentioned in the previous section, i.e:
-

Operational profile;
Real Sailing Emissions (RSE);
Environmental Performance Monitoring (EPM);
Modelled NOx emissions without and with SCR catalyst.
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Vessel 1
Container
110m
(with after
treatment)
924

Vessel 2
Container
135m
(with after
treatment)
1173

Vessel 3
Container
135m
(CCNR 2)
1681

2379

413

12.5

12.3

13

10.7

14.4

435

544

707

371

588

Power [%]

29

26

31

22

44

Real Sailing
Emissions (RSE)

NOx [g/kWh]

4.2

4.5

8.5

-

NOx/CO2 [g/kg]

6.4

6.9

12.2

-

Environmental
Performance
Monitoring (EPM)

NOx [g/km]

147

199

294

-

NOx [mg/ton km]

66

55

-

95

-

Fuel [l/h]

108

138

177

96

152

Fuel [l/km]

9

11

14

9

11

CO2 [kg/km]

23

30

36

24

28

CO2 [g/ton km]

10

8

9

8

-

-

0.8

2.8

1.4

-

-

88

-

-

-

-

12

29

-

Parameters

Operational
profile

Indicative /
modelled NOx
emissions

Total time [h]
Speed over ground
[km/h]
Power [kW]

NOx with SCR
[g/kWh]
NOx (CCNR II)
[mg/ton km]
NOx with SCR
[mg/ton km]

Vessel 4
Dry Bulk
135m
(CCNR 2)

Vessel 13
Passenger
110m
(CCNR 1)

Table 7: Average operational performance of motor vessels dry cargo and one passenger vessel. All ships are
sailing mainly on the Rhine, vessel 4 also sails on the Danube. The displayed results include sailing only, idling
is excluded. Auxiliary engines are excluded as well.

Page 33 of 82

Parameters

Operational
profile

Real Sailing
Emissions
(RSE)

Vessel 1
Container
110m
(with after
treatment)

Vessel 2
Container
135m
(with after
treatment)

Vessel 3
Container
135m
(CCNR 2)

36

Vessel
4 Dry
Bulk
135m
(CCNR
2)
20

Downstream

30

36

10

Upstream

35

52.6

55

34

13

Other

35

11.1

9

46

77

Speed over
ground
[km/h]

Downstream

17

16

17

15

20

Upstream

11

11

11

9

13

Other

11

10

13

10

14

Power [%]

Downstream

21

18

22

11

39

Upstream

43

33

37

32

51

Other

22

21

30

18

44

Exhaust
temperature
[DegC]

Downstream

288

305

296

230

394

Upstream

346

381

332

312

404

Other

284

281

303

254

401

NOx [g/kWh]

Downstream

3.8

9

10.8

Upstream

3.8

6.7

7.4

Other

5.4

7.9

9.3

Downstream

5.7

12.9

14.5

Upstream

5.9

10.0

11.0

Other

8.0

11.5

13.2

Downstream

71.7

215.7

(193)

145.0

(270)

Upstream

230.5

433.9

(510)

444.2

(553)

Other

165.0

337.1

(339)

284.3

(428)

Downstream

79

98

129

54

133

Upstream

156

171

209

139

173

Time [%]

NOx/CO2
[g/kg]
Environmental
Performance
Monitoring
(EPM)

NOx [g/km]

Fuel [l/h]

Fuel [l/km]

CO2 [kg/km]

Vessel 13
Passenger
110m
(CCNR 1)

Other

83

111

170

83

151

Downstream

5

6

8

4

7

Upstream

15

16

20

15

14

Other

8

11

13

8

11

Downstream

13

17

20

10

18

Upstream

39

44

54

41

37

Other

21

29.4

35

15

29

Table 8: Operational performance of motor vessels dry cargo and one passenger vessel. All ships are sailing
mainly on the Rhine, vessel 4 also sails on the Danube. A distinction is made between sailing upstream,
downstream and ‘other’, as described in 3.4.1. The displayed results include sailing only, idling is excluded.
Auxiliary engines are excluded as well. When there was no NOx measurement, indicative modelled NOx values
are shown between parenthesis.
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4.1.1 Operational profile Rhine vessels group 1
Table 7 and Table 8 provide several aspects regarding the operational profile of the measured
vessels. In particular, it is noteworthy that the average engine power used during sailing is
relatively low compared to the maximum available engine power. Most vessels rarely use the
maximum available engine power. In fact, engine loads higher than 70% are rarely used. The
average engine power is ranging between 20 and 59 %, hence, it differs significantly per vessel. As
indicated in Table 8, the average engine power is even relatively low during upstream sailing for
most of the monitored vessels. The average power during downstream sailing can be as low as one
third of the average power of upstream sailing. However, as the average speed during downstream
sailing is 50 to 70% higher than during upstream sailing, vessels sail longer upstream than
downstream, the overall average power is closer to the upstream average power.
Figure 11 and Figure 12 show the power distribution of respectively vessel 2 and 4. Vessel 2 has, in
comparison with the other vessels, a rather high average engine load. As displayed in the figure
below, the complete power range is well used. Engine loads higher than 50% occur mainly during
upstream sailing. Moreover, the maximum engine power is also used during upstream sailing. In
contrary, vessel 4 has a very low average engine load. Engine loads higher than 40% rarely occur.
Figure 11 and Figure 12 also show the exhaust temperature and specific NOx emissions. The specific
NOx emissions are discussed in the next subsection. As mentioned earlier in this chapter, the
exhaust temperature is important in order to determine if an after treatment system to reduce
pollutant emissions is feasible. For example, an SCR (Selective Catalytic Reduction) catalyst for NOx
reduction is the most efficient between approximately 270 and 400 degrees Celsius. As exhaust
temperature is strongly related to engine load, it is not surprising that the exhaust temperatures of
vessel 2 are well suited for effective NOx reduction with an SCR catalyst. On the contrary, vessel 4
would have in 50% of the time exhaust temperatures which are too low for effective NOx emission
reduction. For example, the average exhaust temperature during downstream sailing for vessel 2 is
around 230 degrees Celsius.
Next to the possibility of NOx reduction, exhaust temperatures are also relevant for the application
of a DPF (Diesel Particulate Filter), since the cleaning/regeneration of a DPF require high exhaust
temperatures.
The idling time is not given in the table, but the amount of idling is remarkable as well, which
ranges between 1 and 12%. If idling times of up to 12% can be avoided, this can lead to a significant
reduction of fuel consumption and to an improvement of local air quality.

Figure 11: Vessel 2, power distribution and specific NOx emissions (left), exhaust temperature distribution
(right)
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Figure 12: Vessel 4, power distribution, specific NOx emissions and indicative modelled NOx emissions after
SCR (left), exhaust temperature distribution (right)

4.1.2 Real sailing emissions Rhine vessels group 1
Real sailing emissions in this study are related to the NOx emissions only, as other pollutant emission
constituents like CO, HC and particulate mass and particulate numbers are not monitored.
Vessel 1 and 2 applied an SCR catalyst on the engine. Therefore, one would expect the lowest NOx
emissions for these vessels. Vessel 3 and 4 also have relatively new ‘CCNR 2’ engines, however, an
SCR catalyst would allow for lower NOx emissions than a CCNR 2 engine. The emission class of vessel
13 is ‘CCNR 1’.
In terms of specific NOx emissions in g/kWh, vessel 1 clearly has the lowest NOx values, followed by
vessel 2. In particular during upstream sailing vessel 1 and 2 show the lowest NOx emissions, since
the exhaust temperatures in these conditions are high enough for effective NOx reduction with the
SCR system. Moreover, higher engine loads are in general beneficial for specific NOx emissions as
combustion engines typically show higher relative emissions at lower engine loads. In Figure 11
these effects are clearly illustrated. Vessel 1, which is displayed in appendix B, has this effect to a
lesser extent. Therefore, there is no substantial difference in NOx emissions between upstream and
downstream sailing for vessel 1.
With a proper SCR system, a larger difference with the CCNR2 engines should be possible, e.g. NOx
emissions of around 3 g/kWh or even lower should be feasible.
Vessel 4 shows significantly higher emissions. For vessel 4 this is mostly the result of the frequent
operation on low engine loads, this is illustrated in Figure 12 where high specific NOx emissions
occur at low engine loads. At higher engine loads the NOx emissions are more in line with the
expected values of a CCNR 2 engine. Figure 12 also shows an indication of the modelled NOx
emissions when an SCR system would be applied. As already mentioned in the previous section, the
exhaust temperatures at low engine loads can be too low for effective NOx emission reduction. This
is particularly true at engine loads lower than 20%. At engine loads of 20% or higher, which is mostly
upstream sailing, the modelled NOx emissions of vessel 4 after the SCR can be reduced to around 1.2
g/kWh.
For vessel 3 and 13 the NOx emissions are modelled, hence, these vessels show NOx emissions which
can be expected with a CCNR 2 and CCNR 1 engine, particularly because the average engine power
is not extremely low. With engine loads which are most of the time higher than 20%, these vessels
are well suited for the application of an SCR. The indicated modelled NOx emissions after an SCR are
on average 0.8 and 1.4 g/kWh for respectively vessel 3 and 13.
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The results in NOx/CO2 show approximately the same trend as the results in g/kWh. However, for
some vessels this method has a slight advantage as it is somewhat less sensitive for engine load in
comparison with the results in g/kWh.

4.1.3 Environmental performance monitoring Rhine vessels group 1
Environmental performance monitoring encompasses both pollutant emissions as well as greenhouse
gases and fuel consumption. In contrast to the assessment of real sailing emissions, the
environmental performance monitoring is not related to engine power or whatsoever. Therefore,
larger and heavier vessels will give higher values than smaller vessels in most cases. In order to
make a more fair assessment of the performance, the carried payload is taken into consideration as
well. For this, the estimated average payload from Table 3 is used.
Relatively large vessels with low specific emissions, i.e. g/kWh, can have high distance based
emissions, i.e. g/km. This is clearly shown for vessel 2 which has the highest distance based
emissions, while this vessel has relatively low NOx emissions in g/kWh and g/kg CO2.
Distance based emissions can deviate significantly for each individual vessel when up- and
downstream sailing is compared. For example, the difference in average NOx emissions per
kilometer can differ up to four times (vessel 1) when upstream and downstream sailing are
compared. Obviously, this is the result of the difference in speed and the required power. On
average, the speed over ground during downstream sailing is about 50 to 70% higher compared to
upstream sailing, while the average power during downstream sailing can be up to 65% lower
compared to upstream sailing. In Figure 13 the speed profile, fuel consumption and the NOx
emissions per kilometer is displayed. Figure 13 clearly shows that the high emissions particularly
occur during upstream sailing.
This difference in speed and power also is reflected in the fuel consumption and related CO2
emissions. The difference in average fuel consumption and CO2-emisssions per kilometer can differ
up to four times when upstream and downstream sailing are compared. Logically, these differences
are smaller for fuel consumption in liters per hour as here the main determining factor is the power
applied, and the impact of the sailing distance is not taken into account.
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Figure 13: Vessel 2, speed over ground profile, fuel consumption distribution and NOx emissions per
kilometre, all divided in upstream, downstream and other.

4.2

Results Danube vessels

In the average operational performance of the measured ships is shown, this table only includes
push boats. It should be noted that idling periods are excluded from the analysis. In Table 10 the
results are divided into upstream, downstream and other, this table also provides an overview of
the idling time, which is excluded in the rest of the data.
The monitored duration in time ranges between approximately 2300 and almost 7000 hours. Such a
quantity of data provides a very solid basis for analyses. However, as none of these vessels
measured the NOx emissions, the NOx emissions are modelled.
In the following subsections, the results are discussed according to the categorization of the results
as mentioned in the previous section, i.e.:
-

Operational profile
Modelled NOx emissions without and with SCR catalyst
Environmental Performance Monitoring (EPM)

Page 38 of 82

Parameters

Vessel

Vessel

Vessel

Vessel

Vessel

Vessel

Vessel

Vessel

5

6

7

8

9

10

11

12

Pusher

Pusher

Pusher

Pusher

Pusher

Pusher

Pusher

Pusher

600

1900

1900

1900

2500

2500

2500

2500

kW

kW

kW

kW

kW

kW

kW

kW

Total time [h]

6961

6124

5722

6268

2310

5485

3681

6107

Operational

SOG [km/h]

profile

Power [kW]

10.1
281
47
74
7
20
7
1.0

7.3
678
36
170
23
62
8
1.4

7.7
643
34
162
21
56
7
1.3

7.3
645
34
162
22
60
7
1.4

7.7
834
33
207
27
72
7
1.5

8.7
766
31
191
22
59
6
1.7

8.4
767
31
191
23
61
6
1.7

7.8
822
33
204
26
70
7
1.6

62

113

102

109

104

86

89

102

9

16

14

15

17

15

15

17

Power [%]
Environmental

Fuel [l/h]

Performance

Fuel [l/km]

Monitoring

CO2 [kg/km]

(EPM/OBM)

CO2 [g/tkm]
NOx with SCR

Indicative /
modelled NOx
emissions

[g/kWh]
NOx (CCNR II)
[mg/tkm]
NOx with SCR

[mg/tkm]
Table 9: Average operational performance of push boats, all sailing on the Danube. The displayed results
include sailing only, idling is excluded. Auxiliary engines are excluded as well.
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Table 10: Operational performance of push boats, all sailing on the Danube. A distinction is made between
sailing upstream, downstream and ‘other’. ‘Other’ means sailing on waterways other than the Danube, this
can mean other inland waterways, but can also mean sailing in the harbour. The displayed results include
sailing only, idling is excluded. Auxiliary engines are excluded as well. When there was no NOx measurement,
indicative modelled NOx values are shown.

Parameters

Operation
al profile

Environmental
Performan
ce
Monitoring
(EPM)

Vessel 5

Vessel 6

Vessel 7

Vessel 8

Vessel 9

Vessel

Vessel

Vessel

Push

Push

Push

Push

Push

10 Push

11 Push

12 Push

boat

boat

boat

boat

boat

boat

boat

boat

600 kW

1900 kW

1900 kW

1900 kW

2500 kW

2500 kW

2500 kW

2500 kW

Downstream

(Tier 2)
15

(Tier 1)
29

(Tier 1)
34

(Tier 1)
29

(Tier 1)
34

(Tier 1)
37

(Tier 1)
42

(Tier 1)
34

Upstream

29

58

62

64

59

55

48

59

Other

56

13

4

8

7

8

10

7

Speed over
ground
[km/h]

Downstream

12

10

11

10

10

11

10

10

Upstream

6

6

6

6

6

7

7

7

Other

12

6

7

7

8

8

8

8

Power [%]

Downstream

42

25

28

24

23

24

24

24

Upstream

64

38

37

38

40

36

37

38

Other

39

45

28

29

28

27

31

31

Exhaust
temperature
[DegC]

Downstream

334

299

304

296

288

289

290

288

Upstream

382

333

330

332

336

322

325

328

Other

315

345

303

306

297

296

310

310

Indicative
modelled
NOx
emissions
[g/km]
Fuel [l/h]

Downstream

143

460

487

474

564

522

557

584

Upstream

450

1154

1140

1153

1522

1232

1345

1423

Other

135

1462

797

768

818

795

917

938

Downstream

68

123

136

120

147

151

149

152

Upstream

99

183

178

183

245

220

227

235

Other

63

212

138

142

174

171

195

198

Downstream

6

12

12

12

14

13

15

15

Upstream

18

30

29

30

39

32

34

36

Other

5

20

20

20

21

20

24

24

Downstream

15

32

33

33

39

36

38

40

Upstream

47

79

78

79

104

84

92

97

Other

14

100

55

53

56

54

63

64

Time [%]

Fuel
[l/km]
CO2
[kg/km]
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4.2.1 Operational profile Danube vessels

Table 9 and Table 10 provide multiple interesting aspects regarding the operational profile of the
measured vessels. In particular, it is noteworthy that the average engine power during sailing is
around 30% to 35% for most pushers, which is relatively low. Only the small pusher (vessel 5), has an
higher average engine power of around 47%.
As indicated in Table 10 the average engine power of around 40% during upstream sailing is
relatively low for most of the monitored vessels. The average power during downstream sailing can
be up to 40% lower compared to upstream sailing. However, as the average speed during
downstream sailing is often more than 60% higher than during upstream sailing, vessels sail longer
upstream than downstream.
Figure 14 shows the power distribution of vessel 11. The power distribution of the other vessels are
comparable with the exception of vessel 5. Also in this figure it is indicated that the complete
power range is not very well used. Most vessels rarely use the maximum available engine power. In
fact, even engine loads higher than 60% are rarely used.
Figure 14 also shows the exhaust temperature and specific NOx emissions. The specific NOx
emissions are discussed in the next subsection. As mentioned earlier in this chapter, the exhaust
temperature is important in order to determine if an after treatment system to reduce pollutant
emissions is feasible. As exhaust temperature is strongly related to engine load, it is not surprising
that effective NOx reduction with an SCR catalyst is not continuously possible for most of these
vessels. Most of these vessels have around 30% of the time exhaust temperatures which are rather
low for a completely effective NOx emission reduction. Hence, around 70% of the time, the exhaust
temperatures are sufficient for effective NOx reduction with an SCR.
The idling time with an average around 10% of the time is fairly high as well. If such idling times can
be avoided, this can lead to a significant reduction of fuel consumption and to an improvement of
local air quality.

Figure 14: Vessel 11, power distribution and modelled specific NOx emissions (left), exhaust temperature
distribution (right)
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4.2.2 Modelled NOx emissions Danube vessels
For all vessels the NOx emissions are modelled, hence, these vessels show NOx emissions which can
be expected with TIER 1 and TIER 2 engines. None of the Danube vessels have any kind of after
treatment, like SCR, on their engines. Most of the vessels have engines which have an emission
performance according to EPA Tier 1 which is equivalent to CCNR 1.
Figure 14 also shows an indication of the modelled NOx emissions when an SCR system would be
applied. As already mentioned in the previous section, the exhaust temperatures at low engine
loads can be too low for effective NOx emission reduction. This is particularly true at engine loads
lower than 20%. However, with engine loads which are most of the time higher than 20%, these
vessels are well suited for the application of an SCR. The indicated modelled NOx emissions after an
SCR ranges on average between 1 and 1.7 g/kWh.

4.2.3 Environmental performance monitoring Danube vessels
Environmental performance monitoring encompasses both pollutant emissions as well as greenhouse
gases and fuel consumption. In contrast to the assessment of real sailing emissions, the
environmental performance monitoring is not related to engine power or whatsoever. Therefore,
larger and heavier vessels will give higher values than smaller vessels in most cases. In order to
make a more fair assessment of the performance, the carried payload is taken into consideration as
well. For this, the estimated average payload from Table 3 is used.
Distance based emissions can deviate significantly for each individual vessel when up- and
downstream sailing is compared. For example, the difference in average NOx emissions per
kilometer differ on average around two and half times when upstream and downstream sailing are
compared. Obviously, this is the result of the difference in speed and the required power. On
average, the speed over ground during downstream sailing is often more than 60% higher compared
to upstream sailing, while the average power during downstream sailing can be up to 40% lower
compared to upstream sailing. In Figure 15 the speed profile, fuel consumption and the NOx
emissions per kilometer is displayed. Figure 15 clearly shows that the high emissions particularly
occur during upstream sailing.
This difference in speed and power also is reflected in the fuel consumption and related CO2
emissions. The difference in average fuel consumption and CO2-emisssions per kilometer differ on
average around three times when upstream and downstream sailing are compared. Logically, these
differences are smaller for fuel consumption in liters per hour as here the main determining factor
is the power applied, and the impact of the sailing distance is not taken into account.
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Figure 15: Vessel 11, speed over ground profile, fuel consumption distribution and the modelled NOx
emissions per kilometre, all divided in upstream, downstream and other.
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4.3

Results Rhine vessels group 2

In Table 11: Operational performance of 2 motor vessels dry cargo, 2 tankers and 2 push boats. All
ships are sailing mainly on the Rhine. The displayed results include sailing and idling. Auxiliary
engines are excluded as well. For Vessel 18, the sampling window of average speed does not
correspond to sampling window of other parameters. the average operational performance of the
measured vessels is shown, in this table two motor vessels dry cargo, two tankers and two push
boats. It should be noted that idling periods are included in the analysis, as in contrast to the
results of group 1.
The monitored duration in time ranges between approximately 90 and almost 1300 hours. For
detailed graphical results per vessel, refer to Appendix B.
In the following subsections, the results are discussed according to the categorization of the results
as mentioned in the previous section, i.e:

Vessel 15
(CCNR 2)

Vessel 16
(CCNR2)

Vessel 17

Vessel 18

Vessel 19
Star board
engine**

Vessel 19
Port engine

Vessel 19
both engines

Operational profile;
Real Sailing Emissions (RSE);
Environmental Performance Monitoring (EPM);

Vessel 14

-

Type of ship, Dry Cargo, TAnker,
Push Boat

PB

PB

DC

DC

TA

TA

TA

TA

Aftertreatment

SCR
+
DPF

--

--

SCR

SCR
+
DPF

SCR

SCR

SCR

Speed over
ground [km/h]

9.2

10

10

8.9

7.6*

10

10

10

Power [kW]

412

1203

93

386

350

244

266

510

Power [%]

28

22

17

24

28

22

24

23

NOx [g/kWh]

2.9

6.5

8.6

6.1

5.9

8.8

3.8

6.3

NOx [g/km]

370

825

82

266

200

214

101

315

Fuel [l/km]

11

33

2.5

10.9

8

6.5

7.2

14

Parameters

Operational
profile
Real Sailing
Emissions (RSE)
Environmental
Performance
Monitoring (EPM)

Table 11: Operational performance of 2 motor vessels dry cargo, 2 tankers and 2 push boats. All ships are
sailing mainly on the Rhine. The displayed results include sailing and idling. Auxiliary engines are excluded.
Vessel 14 is Pilot vessel of SWP 5.3. *For Vessel 18, the sampling window of average speed does not correspond
to sampling window of other parameters.

4.3.1 Operational profile Rhine vessels group 2
Table 7 provides several aspects regarding the operational profile of the measured vessels.
Similar to the vessels in group 1, the average engine power used during sailing is relatively low
compared to the maximum available engine power. Most vessels rarely use the maximum available
engine power. In fact, engine loads higher than 50% are rarely used, with the exception of vessel
18. This tanker vessel is used as bunker ship for offshore vessels which results in a large time in idle

Page 44 of 82

and a relative high percentage of manoeuvring time. The average engine power is ranging between
17 and 28 %. In this group, the difference between the vessels is small.

Figure 16: Vessel 14: Time distribution of power consumption

Figure 16 gives the power distribution as function of time and gives the relative NOx emissions for
every power point for vessel 14. Vessel 14 has an atypical power spectrum. As with all vessels there
is a significant time in idle, but the operational window of vessel 14 is much narrow than that of
other vessels. This indicates that they always sail around the same engine load. In this specific case,
this is the point where, according to the owner’s judgement, the engine is most efficient. The
engine sees low usage for all other power demands up until 60%, above 60% the usage is very
limited. When performing detailed analysis of the data, it shows that the engine is used up until full
load, but only on very short time intervals. (This last observation is not readable from the presented
figures.)

Figure 17: Vessel 14: Time distribution of exhaust temperature

Figure 17 shows the exhaust temperature of vessel 14. This profile shows that there is a very good
potential for NOx reduction and for regeneration of the DPF filters since the vessel operates around
55% of the time in the window between 330°C and 400 °C.

4.3.2 Real sailing emissions Rhine vessels group 2
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Figure 18: Vessel 14: Relative effective NOx
distribution over the power range of the engine

Figure 19: Vessel 14: Time distribution of power
demand

Figure 16, Figure 18 and Figure 19 give insights on the sailing emissions of vessel 14. The specific
NOx emissions are given at engine out and at tailpipe. The EAT system is designed to meet stage V
requirements. During an ISO 8178 E3-cycle test the emissions were shown to be well below the
required limit of 1.8 g/kWh. In Figure 16 can be seen that the real sailing performance is close to
that requirement when sailing with a loaded engine. At low power demands NOx reduction is
limited. Figure 18 gives the distribution of the effective NOx emissions of the vessel. In blue the
emissions at engine out are given, in green the emissions at tail pipe. An important insight is that
the emissions generated at idle are only 5% of the total emissions, where the time at idle is around
25% of the total time. As indicated, at idle there is virtually no reduction of NOx emissions, however
the effective emissions are low. It is important to note that the not the entire DOC-DPF-SCR EAT
system is ineffective at idle. The DOC and DPF still effectively reduce emitted soot, CO-emissions
and hydro-carbons at lower temperatures such as in idle. Very high NOx emission reduction is noted
in the primary operational point, around 40% of total power. In this point Vessel 14 sails for longer
continuous sections resulting in ideal operating circumstances for an SCR system for most of the
operational time. These circumstances are comparable to those in the E3 emission test, where the
NOx reduction capacity of the system has been proven. The NOx reduction at loads lower than this
point are less. This is because these points are mainly used during acceleration and manoeuvring. In
these operations the exhaust temperature is often lower, resulting in reduced efficiency of the SCR
system.
The idling time is not given in the table but it was incorporated in the presented numbers. The
amount of idling is remarkable as well, which ranges between 1 and 24% of time. If idling times of
up to 25% can be avoided, this can lead to a significant reduction of fuel consumption and to an
improvement of local air quality. It must be noted that it is not always possible to avoid time in
idle. During a number of manoeuvres is it mandatory to leave the engines on standby.

4.3.3 Environmental performance monitoring Rhine vessels group 2
Environmental performance monitoring encompasses both pollutant emissions as well as greenhouse
gases and fuel consumption. In contrast to the assessment of real sailing emissions, the
environmental performance monitoring is not related to engine power or whatsoever. Therefore,
larger and heavier vessels will give higher values than smaller vessels in most cases. In contrast to
the previous two sections (4.1 and 4.2) the carried payload is not taken into consideration. The
presented values are always for one engine. Therefore these figures are not adequate to make a
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direct comparison between different vessels. In order to do a correct comparison the load during
each trip should be known, which was not the case in this monitoring campaign.

Figure 20: Vessel 14: Relative NOx emissions for different vessel speeds and the NOx emissions per km for one
engine at the different vessel speeds

Figure 13 illustrated that distance based emissions can deviate significantly for each individual
vessel when up- and downstream sailing is compared. This information is missing in Figure 20 and
would be a good addition in order to interpret the figure. From the current information can be
concluded that the emissions are in the same order for the different speeds at which the vessel
sails. Since the cargo of this push boat can change very dramatically form only the vessel itself, to
the vessel loaded with two full barges, it is difficult to draw any useful conclusions based on the
vessels speed or emissions as function of distance.
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4.4

Detection of elevated emissions with monitoring

In the previous subsections the average results of multiple months of monitoring were evaluated.
However, for on-board monitoring, it would be important to detect elevated NOx levels, if they
would occur. For example, this may be interesting for future enforcement agencies.
This is especially relevant for engines which need to comply with stringent emissions legislation
such as engines with Retrofit Emission Control device (REC) or engines that comply with the future
Stage V requirements (Regulation 2016/1628).
In this sections a few examples of visualisation are given in order to detect too high NOx levels,
without being exhaustive.
In Figure 19 four figures are shown with NOx/CO2 emission values. The two upper graphs show a
scatter plot with hourly NOx/CO2 values measured during the complete monitoring period. The two
graphs on the bottom show time series with an average NOx/CO2 emission value and an average
power value per day, throughout a certain period. The graphs on the left are related to a vessel
with an SCR catalyst, the graphs on the right are related to a vessel without after treatment to
reduce NOx emissions.
The same graphs can be made with NOx emissions in g/kWh rather than NOx/CO2 in g/kg. However,
as described in the previous section, the NOx/CO2 method is less sensitive for engine load in
comparison with the results in g/kWh. Due to this more constant values across the engine map,
peaks are easier to detect.
The upper graph on the left from Figure 19 is remarkable. One would expect more a smaller band
width of emission results as function of power, like in the graph on the right. However, there seem
to be two different kind of emission trends instead. During the monitoring period this particular
vessel had trouble with the SCR installation, it was not working properly. This can explain the two
trends demonstrated in this graph. The lower graph illustrate when elevated emissions occurred,
the week of January 20.
With this method it seems possible to get an overview of emissions throughout a certain period and
to detect possible elevated emissions during a specific period.
The lower graph shows one day average NOx emission and power over several months. This would
also be suitable to detect elevated NOx levels. It would then be important to add a NOx threshold
line, if the power is sufficiently high (below about 20% power, the engine operates outside its
‘emission control area’ and the NOx may be higher). Instead of a one day average also one week
average emissions can be considered for this visualization. Also g/kWh NOx values can be plotted
instead of NOx in g/kg CO2 .
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Figure 21: Hourly average (top) and one day averages (bottom) of NOx/CO2 and engine power during several
months: left) vessel with SCR system, right) vessel without after treatment.
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5

Conclusions

The evaluation of the monitored vessels lead to the following conclusions:
It is advised to use fuel flow and NOx and O2 or CO2 in the exhaust gas as the main parameters for
the mass flow and specific emissions calculations via the carbon balance method. Power is also
based on this fuel flow (with a fairly good accuracy). With these parameters, it is possible that RSE
and EPM monitoring can be done independent from the engine supplier. The accuracy of this
method was theoretically analysed. It appeared that according to the proposed method, the
accuracy is estimated to be around ±8% for the g/h and g/kWh NOx emissions, with the note that
several inaccuracies need further investigation
Rhine vessels
With respect to the Rhine vessels, the following conclusions can be drawn:
1. Operational profile:
a. On average, the speed over ground during downstream sailing is 50 to 70% higher
compared to upstream sailing, while the average power during downstream sailing
is approximately 1.5 to almost 3 times lower compared to upstream sailing;
b. The average engine power used during sailing is relatively low compared to the
maximum available engine power. Most vessels rarely use the maximum available
engine power. In fact, engine loads higher than 70% are rarely used;
c. The load profiles differ greatly per vessel: average power ranges from 20 % to 60 %
This is a lot lower than during the official E3 test cycle which is 67%;
d. The amount of idling ranges between 1 and 12%. If idling times of up to 12% can be
avoided, this can lead to a significant reduction of fuel consumption and to an
improvement of local air quality.
2. Real sailing emissions:
a. The two vessels with retrofitted after treatment systems installed, have
approximately 40% to 50% lower NOx emissions than the vessel without after
treatment (CCNR II). However, a higher NOx reduction may be expected from the
vessels with an after treatment system. Possibly uneven NOx distribution in the
exhaust pipe at the sensor location plays a role, with at least one of the vessels.
The vessel without after treatment exceeds the CCNR 2 limit in real world
circumstances. This is probably related to relative low engine loads, during which
specific 7 NOx emissions can increase somewhat.
b. The lowest specific NOx emissions occur for all measured vessels during upstream
sailing. This applies for the vessels with and without an after treatment installation.
In this condition, the engine load and exhaust gas temperatures are higher than
during downstream. This often leads to lower specific emissions.
c. NOx emissions were modelled for the two vessels without a NOx measurement. In
addition, the NOx conversion of an SCR catalyst have been modelled for the three
ships without after treatment system. The possible average NOx reduction under
real world conditions ranges from about 65% to 90%. The possible NOx reduction
during downstream sailing is lower, because exhaust gas temperatures are
7

Emissions per unit (kWh) of mechanical engine work
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sometimes too low for effective NOx reduction with an after treatment system. Not
all vessels have a suitable operational profile to apply after treatment systems. For
example, one vessel would have in 50% of the time exhaust temperatures which are
too low for effective NOx emission reduction.
d. The results in NOx/CO2 show a similar trend as the results in g/kWh for the
measured vessels.
3. Environmental performance monitoring
a. Relatively large vessels with low emissions in g/kWh, can have high emissions in
g/km.
b. The emissions in g/km can deviate significantly for each individual vessel when upand downstream sailing is compared, during upstream sailing the NOx emissions in
g/km are 2 to 4 times higher than during downstream sailing.
c. The average fuel consumption and CO2-emisssions per kilometer upstream can be 3
to 4 times higher compared to downstream sailing.
Danube vessels
With respect to the Danube vessels, the following conclusions can be drawn:
4. Operational profile:
a. On average, the speed over ground during downstream sailing is often more than
60% higher compared to upstream sailing, while the average power during
downstream sailing can be 1.5 to 1.7 times lower compared to upstream sailing.
b. The average engine power used during sailing is 30% to 47% which is relatively low.
Engine loads higher than 60% are rarely used. This is substantially lower than during
the official E3 test cycle (average power is 67%).
c. The average amount of idling time is approximately 10%. If such idling times can be
avoided, this can lead to a significant reduction of fuel consumption and to an
improvement of local air quality.
5. Modelled NOx emissions:
a. NOx emissions were modelled for all the Danube vessels since no NOx measurement
is performed. The NOx conversion of an SCR catalyst have been modelled for these
ships as well. The possible average NOx reduction under real world conditions ranges
from about 80% to 90%. Effective NOx reduction with an SCR catalyst is not
continuously possible for most of these vessels. Most of these vessels have around
30% of the time exhaust temperatures which are rather low for a completely
effective NOx emission reduction. Hence, around 70% of the time, the exhaust
temperatures are sufficient for effective NOx reduction with an SCR.
6. Environmental performance monitoring
a. Without the application of an after treatment system, the average modelled NOx
emissions per kilometer upstream are on average around 2.5 times higher than with
downstream sailing. The same difference applies for CO2 emissions and fuel
consumption. When an after treatment system would be applied, the NOx emissions
upstream would be approximately 2 times higher compared to downstream. This
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smaller difference of 2 instead of 2.5 is the effect of insufficient exhaust
temperatures which occur in some occasions during downstream sailing.

Detection of elevated emissions with monitoring
In the previous section the average results of multiple months of monitoring were evaluated. For on
board monitoring, especially for engines which need to comply with stringent emission
requirements, it would be important to detect elevated NOx emissions when they occur. For
example, this may be interesting for future enforcement agencies.
A few examples of visualisation possibilities are given in order to detect too high NOx levels,
without being exhaustive. By using a scatter plot with hourly NOx/CO2 values during the complete
monitoring period and/or a time series with an average NOx/CO2 emission value throughout a certain
period, it is possible to get an overview of emissions throughout a certain period and to detect
possible elevated emissions during a specific period.
Instead of a one day average also one week average emissions can be considered for this
visualization. Also g/kWh NOx values can be plotted instead of NOx in g/kg CO2.
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7

Appendix A: Calculations
7.1 Carbon-dioxide

In burning carbon-based fuel (gasoline, petrol, etc.) carbon-dioxide is produced. This burning of fuel
can be modelled as the chemical reaction
𝑦𝑦

𝑦𝑦

𝐶𝐶𝑥𝑥 𝐻𝐻𝑦𝑦 + �𝑥𝑥 + � ∙ 𝑂𝑂2 → 𝑥𝑥 ∙ 𝐶𝐶𝑂𝑂2 + ∙ 𝐻𝐻2 𝑂𝑂 . (1)
4

2

Here 𝐶𝐶𝑥𝑥 𝐻𝐻𝑦𝑦 denotes the average hydrocarbon in the fuel: 𝑥𝑥 (𝑦𝑦) denotes the average number of
carbon (hydrogen) atoms per fuel molecule. Note, this is a simplified chemical equation. The
production of carbon-oxide (CO), 𝑁𝑁𝑂𝑂𝑥𝑥 and unburned hydrocarbons (HC) have been left out. We do so
since these other products are produced in trace-amounts. Their mass is typically 0-3% of the
produced carbon-dioxide mass e.g. 200 ppm. Furthermore, ultimately the carbon-oxide and
unburned hydrocarbon convert to carbon-dioxide.
From the reaction balance it follows the emission of carbon-dioxide 𝑚𝑚𝐹𝐹𝐶𝐶𝑂𝑂2 (g/s) scales
linearly with the mass fuel flow 𝑚𝑚𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (g/s) :
(2)

𝑚𝑚𝐹𝐹𝐶𝐶𝑂𝑂2 = 𝐴𝐴 ∙ 𝑚𝑚𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 .

Here the coefficient 𝐴𝐴 depends on the character of the fuel as expressed via 𝐶𝐶𝐶𝐶 ∶= 𝑦𝑦⁄𝑥𝑥 - the ratio
between the average number of carbon-(hydrogen-)atoms per fuel molecule or via 𝑦𝑦𝑐𝑐 – the mass
carbon content of the fuel (dimensionless).
𝐴𝐴 =

𝑀𝑀𝐶𝐶𝑂𝑂2

𝑀𝑀𝐶𝐶 +𝐶𝐶𝐶𝐶∙𝑀𝑀𝐻𝐻

, 𝐴𝐴 = 𝑦𝑦𝑐𝑐 ∙

𝑀𝑀𝐶𝐶𝑂𝑂2
𝑀𝑀𝐶𝐶

. (3)

Here 𝑀𝑀𝐶𝐶 ,𝑀𝑀𝐶𝐶𝑂𝑂2 ,𝑀𝑀𝐻𝐻 (g/mol) denote the molecular weights of carbon, carbon-dioxide and hydrogen.
For typical diesel 𝐶𝐶𝐶𝐶 = 1.95, 𝑌𝑌𝑐𝑐 = 0.84 and 𝐴𝐴 = 3.14. So the combustion of a kilogram of fuel
produces around 3.14 kilogram of carbon-dioxide.
Note, the mass fuel flow 𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 - in grams per second – is synonymous to the liquid fuel
economy 𝐿𝐿𝐹𝐹𝐹𝐹 (in liters fuel per hour) given that 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 the density of the fuel in grams per liter (g/L)
is constant:
𝑚𝑚𝑚𝑚fuel = 𝜌𝜌fuel ⋅ 𝐿𝐿𝐿𝐿𝐿𝐿 ⋅

1

3600

(4)

Here the factor 1/3600 serves to change from hours to seconds. For diesel typically 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 0.835 ±
0.02 kilogram per liter 8.

7.2 Mass Air Flow and total mass flow

An estimate of the mass air flow - and accordingly the total mass flow - makes it possible to convert
from exhaust volume concentrations to exhaust mass flow. In the derivation of the mass air flow
what underlies is the earlier mentioned chemical balance (eq. 1.). This chemical balance makes it

8

See Edwards et al. (2011)
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possible to relate fuel and oxygen mass – again under the assumption of an approximately complete
reaction (trace-amounts of HC).
Consider the two following variables
1. mFfuel , the measured outlet oxygen content of the air,
2. 𝑂𝑂2 (%vol), the oxygen content of the exhaust gas

And the six following constants
1.
2.
3.
4.
5.
6.

𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (g/mol) the molar mass of the fuel
𝑀𝑀𝑂𝑂2 (g/mol) the molar mass of oxygen
𝐶𝐶𝐶𝐶 (dimensionless) the ratio of the number of carbon and hydrogen atoms in the fuel
𝑂𝑂2𝑚𝑚𝑚𝑚𝑚𝑚 (%vol) the assumed oxygen content of the inlet air
𝜌𝜌𝑂𝑂2 (g/m3) the density of oxygen
𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 (g/m3) the density of air.

Note, strictly speaking the oxygen and air density depend on the exhaust gas temperature. However
the variation of the ratio of their density is small enough for them to be considered to be constant.
Ultimately it is this ratio that we are after which we evaluate at a typical exhaust gas temperature.
We estimate the mass air flow 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎 (g/s) from the above as follows:
𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐹𝐹�𝑚𝑚𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 , 𝑂𝑂2 � =

�

𝑚𝑚𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

∙�1+

𝐶𝐶𝐶𝐶
�∙ 𝑀𝑀𝑂𝑂2 �
4

𝜌𝜌𝑂𝑂2

∙

100

𝑂𝑂2𝑚𝑚𝑚𝑚𝑚𝑚 −𝑂𝑂2

∙ 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 (5)

Here the molar mass is used to go from mass to moles and back, the density is used to go from mass
to volume and back. The factor (1 + 𝐶𝐶𝐶𝐶/4) relates combusted moles of fuel to moles of oxygen
following equation (1.). Concerning the accuracy of this approach again the uncertainty lies in the
accuracy of the chemical equation and characterization of the fuel.
𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑝𝑝.𝑀𝑀
𝑅𝑅.𝑇𝑇

and 𝜌𝜌𝑜𝑜2 =

𝑝𝑝.𝑀𝑀
𝑅𝑅.𝑇𝑇

Consequently (5) can be converted to:

𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎

𝑚𝑚𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐶𝐶𝐶𝐶
∙ �1 +
� ∙ 𝑀𝑀𝑂𝑂2 �
4
𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
100
= 𝐹𝐹�𝑚𝑚𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 , 𝑂𝑂2 � =
∙
∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
𝑀𝑀𝑀𝑀2
𝑂𝑂2𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑂𝑂2
�

In this equation Mo2 and Mair are the (average) molecular masses of oxygen and air.

To conclude, the estimate of the total exhaust mass flow follows from the sum of mass fuel and air
flow. In other words
𝑚𝑚𝑚𝑚tot. = 𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑚𝑚𝑚𝑚air

with 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎 the mass air flow, 𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 the mass fuel flow and 𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡. the total mass flow, all in units of
mass per time unit e.g. grams per seconds (g/s). Note 𝑚𝑚𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 may be derived from the liquid fuel
expenditure as mentioned earlier.
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7.3 Nitrogen oxides 1.
The burning of a carbon-based fuel produces trace-amounts of nitrogen-oxides, abbreviated as 𝑁𝑁𝑂𝑂𝑥𝑥 .
An estimate of the mass flow of 𝑁𝑁𝑂𝑂𝑥𝑥 denoted 𝑚𝑚𝐹𝐹𝑁𝑁𝑂𝑂𝑥𝑥 (g/s) is derived from a measurement of the
𝑝𝑝𝑝𝑝𝑝𝑝
(ppm) in exhaust gas and an estimate of the total mass flow
volume wise concentration of 𝑁𝑁𝑂𝑂𝑥𝑥
𝑚𝑚𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡. (g/s). Here we assume the ideal gas law holds which allows us to go from gas mass to gas
volume and back.
𝑝𝑝𝑝𝑝𝑝𝑝
𝑝𝑝𝑝𝑝𝑝𝑝
𝑁𝑁𝑂𝑂𝑥𝑥
𝑚𝑚𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡.
𝑁𝑁𝑂𝑂𝑥𝑥
∙
= 𝑀𝑀𝑁𝑁𝑂𝑂𝑥𝑥 ∙
∙ 𝑁𝑁̇𝑒𝑒𝑒𝑒ℎ. = 𝑀𝑀𝑁𝑁𝑂𝑂𝑥𝑥 ∙ 𝑁𝑁̇𝑁𝑁𝑂𝑂𝑥𝑥
𝑚𝑚𝐹𝐹𝑁𝑁𝑂𝑂𝑥𝑥 = 𝑀𝑀𝑁𝑁𝑂𝑂𝑥𝑥 ∙
106
𝑀𝑀𝑒𝑒𝑒𝑒ℎ.
106

with 𝑀𝑀𝑁𝑁𝑂𝑂𝑥𝑥 the average molecular weight of the nitrogen dioxide and 𝑀𝑀𝑒𝑒𝑒𝑒ℎ. the average molecular
weight of the exhaust gas. We assume that the density of the exhaust gas is equal to that of air.

7.4 Nitrogen-Oxides 2.
In addition to an estimation of the 𝑁𝑁𝑂𝑂𝑥𝑥 via the total mass flow we may estimate the mass flow of
𝑁𝑁𝑂𝑂𝑥𝑥 from the mass content ratio of 𝑁𝑁𝑂𝑂𝑥𝑥 to carbon-dioxide in the exhaust gas e.g. grams of 𝑁𝑁𝑂𝑂𝑥𝑥 per
gram of 𝐶𝐶𝑂𝑂2 and the mass flow of carbon-dioxide denoted 𝑚𝑚𝐹𝐹𝐶𝐶𝑂𝑂2 :
𝑚𝑚𝐹𝐹𝑁𝑁𝑂𝑂𝑥𝑥 = 𝐷𝐷 ∙ 𝑚𝑚𝐹𝐹𝐶𝐶𝑂𝑂2 .

𝑝𝑝𝑝𝑝𝑝𝑝

Here 𝐷𝐷 ∶= 𝐷𝐷�𝑁𝑁𝑂𝑂𝑥𝑥 , 𝐶𝐶𝑂𝑂2%. � expresses the mass of 𝑁𝑁𝑂𝑂𝑥𝑥 per mass of carbon-dioxide. This ratio follows
from the associated volume concentrations and molar mass
𝑝𝑝𝑝𝑝𝑝𝑝
𝐷𝐷�𝑁𝑁𝑂𝑂𝑥𝑥 , 𝐶𝐶𝑂𝑂2%. �

=

𝑝𝑝𝑝𝑝𝑝𝑝

∙ 10−6 𝑀𝑀𝑁𝑁𝑂𝑂𝑥𝑥
∙
.
𝐶𝐶𝑂𝑂2% ∙ 10−2 𝑀𝑀𝐶𝐶𝑂𝑂2

𝑁𝑁𝑂𝑂𝑥𝑥

Here 𝑀𝑀𝑁𝑁𝑂𝑂𝑥𝑥 and 𝑀𝑀𝐶𝐶𝑂𝑂2 denote the molecular mass of 𝑁𝑁𝑂𝑂𝑥𝑥 and carbon-dioxide. Note, here we assume
that the molar volume of the 𝑁𝑁𝑂𝑂𝑥𝑥 is equal to that of the carbon-dioxide. The 𝐶𝐶𝑂𝑂2 concentration
(volume) is derived from the 𝑂𝑂2 concentration (volume) 𝑂𝑂2% in the exhaust via the following linear
relationship
𝑂𝑂2%
𝐶𝐶𝑂𝑂2% = 𝐶𝐶𝑂𝑂2𝑚𝑚𝑚𝑚𝑚𝑚% ∙ �1 − 𝑚𝑚𝑚𝑚𝑚𝑚% � .
𝑂𝑂2

Here 𝑂𝑂2𝑚𝑚𝑚𝑚𝑚𝑚% ≈ 20.8% denotes the maximum concentration of oxygen in the exhaust gas – taken to
be equal to the concentration of oxygen in air. So when no fuel is burned 𝑂𝑂2% = 𝑂𝑂2𝑚𝑚𝑚𝑚𝑚𝑚% implies
𝐶𝐶𝑂𝑂2% = 0. Likewise 𝐶𝐶𝑂𝑂2𝑚𝑚𝑚𝑚𝑚𝑚% denotes the concentration of carbon-dioxide in the exhaust when all
oxygen has been burned. Typically 𝐶𝐶𝑂𝑂2𝑚𝑚𝑚𝑚𝑚𝑚% ≈ 13.4%. this follows from the reaction balance (eq. 1.) .
Thus 𝑂𝑂2% = 0 implies 𝐶𝐶𝑂𝑂2% = 𝐶𝐶𝑂𝑂2𝑚𝑚𝑚𝑚𝑚𝑚% .

7.5 Power

The power output of an engine can be modelled in multiple ways. Note, however, that in a ship the
engine is typically coupled directly to the propeller which again couples to the (flow around the)
ship. Intuitively the power output scales with
1. the mass fuel flow
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2. the engines RPM.
However, note that a ship that the torque required to drive the propeller depends on a number of
factors e.g. whether the ship is lying high/low in the water. Accordingly the RPM for a given power
output differs. One speaks of a heavy or light running propeller. Although in part outside of the
scope off this report we come back to this topic in the result section. In this report we are primarily
interested in estimating the engine power - at the shaft – to provide estimates of the engine load
distribution and specific emissions.
Given the mass fuel flow 𝑚𝑚𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (g/s) we estimate the engine power 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (kW) via a fuel
efficiency coefficient 𝜇𝜇 (kW/g) :
𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇 ∙ 𝑚𝑚𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

Here 𝜇𝜇 (kW/g) expresses the engine efficiency in converting heat energy to mechanical energy in
terms of the brake specific fuel consumption (g/kWh) which we denote by 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵:
𝜇𝜇(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) =

3600
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

Note, given a constant 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 or 𝜇𝜇 the engine power and mass fuel flow contain effectively the same
information. However in practice the 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 varies – typically 10% - as a function of the engine load.
The brake specific fuel consumption (BSFC) expresses the efficiency of the engine in terms
of the mass of fuel consumed by the engine to produce one kilowatt-hour of mechanical energy at
the drive shaft as it leave the engine i.e. before the gearbox. Typically the BSFC varies as a function
of engine power. Intuitively this can be explained by the relatively high (low) friction loss at low
(high) power. The figure below shows the (specified) BSFC versus the relative engine power for a
selection of typical ship engines.

Figure 22: The BSFC versus the relative power output of a selection of (Caterpillar) marine engines in the
1000 to 2000 kilowatt range. On the x-axis, 1.0 equals 100%.

Since we estimate the engine power using the mass fuel flow and thus the measured the
liquid fuel expenditure (LFE) (L/h) it makes sense to model the BSFC as a function of the LFE. We
model the BSFC as a function of the LFE (𝐿𝐿𝐿𝐿𝐿𝐿) in the following way:
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝐿𝐿𝐿𝐿𝐿𝐿) = 𝑎𝑎 ∙ �1 + 0.1 ∙ �

𝑏𝑏
�� .
𝐿𝐿𝐿𝐿𝐿𝐿
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Here 𝑎𝑎 (g/kWh) captures the BSFC for a asymptotically large LFE, 𝑏𝑏 corresponds to the LFE that
brings BSFC to 10% above the asymptotic limit 𝑎𝑎. In other words
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑏𝑏) = 1.1 ∙ 𝑎𝑎

This form of model with the LFE in the denominator agrees with the earlier mentioned intuition of
the BSFC as a measure of relative friction. We take
𝑎𝑎 = 201 (𝑔𝑔⁄𝑘𝑘𝑘𝑘ℎ ) ,

𝑏𝑏 = 50 (𝐿𝐿⁄ℎ) .

This is done on the basis of a least-squares fit of marine engine specifications. The figure below
shows a comparison between this model and these marine engine specifications.
Note that it is unclear whether the BSFC versus the LFE as determined in the specifications matches
the one in real world use. In this model we implicitly assume that parameters other than the LFE
e.g. a heavy or light running propeller have a negligible influence on the BSFC.

Figure 23: A comparison between the BSFC versus the LFE as given in marine engine specifications and a
model.

7.6 Sailing Condition
Evidently a ship operates differently depending on whether it is sailing upstream, downstream, in a
canal, in a harbour or in large open water. We use the vessels geographic coordinates and a map of
the waterways to determine whether a vessel is moving upstream or downstream a river (estuary),
or in a canal. This is done for the Danube, the Rhine-Mainz-Danube Canal, the Rhine and the Rhine
Delta, in the following way.
Waterway information is represented by points with a geographical location and attributes i.e. geomarkers. Each marker has a geographical location, the distance away from a certain reference point
– e.g. Rheinkilometers in case of the Rhine, a corresponding waterway name and waterway type. An
example of such a point is given in Table 12:
Longitude

Latitude

KM-value

Waterway Name

Waterway Type
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7.61784

50.22171

568.0

Rhine

River

Table 12: An example of geographic point with attributes that allow us to determine a ships sailing condition.

For each measurement of a ships location we match the vessel to the nearest geo-marker 9. So we
find whether the vessel is sailing on a river and if so whether this is away/from a certain reference
point and thus upstream or downstream.
In case the vessel location is unknown or there are no nearby geo-markers it is not possible
to determine the sailing condition. As earlier mentioned the sailing condition is determined for the
Danube, the Rhine-Main-Danube Canal, the Rhine and the Rhine Delta. It is worth noting that this
does not include the Danube delta past Galati, the Hartel Canal and the Schelde-Rijn Canal.

7.7 Unit Conversion
As explained in the introduction here we describe some of the more straightforward calculation
procedures – unit conversion. We convert estimates of the mass flow i.e. mass per time unit - to
mass per kilometre, per consumed fuel mass/volume, per produced amount of mechanical energy.
We describe the associated calculation procedures in this order and take the mass flow of 𝑁𝑁𝑂𝑂𝑥𝑥 for
demonstration. Note, the outcomes of these calculations are close to the final result of this
research.
Let 𝑚𝑚𝐹𝐹𝑁𝑁𝑂𝑂𝑥𝑥 denote the mass flow of 𝑁𝑁𝑂𝑂𝑥𝑥 in grams per second (g/s), let 𝑉𝑉𝑠𝑠ℎ𝑖𝑖𝑖𝑖 denote the
𝑔𝑔/𝑘𝑘𝑘𝑘
the
velocity of a ship in kilometres per hour – speed over ground that is. It follows that 𝑁𝑁𝑂𝑂𝑥𝑥
emission of 𝑁𝑁𝑂𝑂𝑥𝑥 in grams per kilometre is
𝑔𝑔/𝑘𝑘𝑘𝑘

𝑁𝑁𝑂𝑂𝑥𝑥

=

3600 ∙ 𝑚𝑚𝐹𝐹𝑁𝑁𝑂𝑂𝑥𝑥
.
𝑉𝑉𝑠𝑠ℎ𝑖𝑖𝑖𝑖

Here the factor 3600 corresponds to a conversion from gram per second to gram per hour. The
accuracy of this estimate follows from the accuracy of the velocity measurement and mass flow
estimate. Note, the estimate grows asymptotically as the denominator (the velocity) goes to zero encountered during manoeuvring or idling. The same applies to all the following estimates.
𝑔𝑔/𝑘𝑘𝑘𝑘 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
Let 𝑚𝑚𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 denote the mass flow of fuel in grams per second (g/s). It follows that 𝑁𝑁𝑂𝑂𝑥𝑥
the emission of 𝑁𝑁𝑂𝑂𝑥𝑥 in grams per kilogram (g/kg) of combusted fuel is
𝑔𝑔/𝑘𝑘𝑘𝑘 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑁𝑁𝑂𝑂𝑥𝑥

=

𝑚𝑚𝐹𝐹𝑁𝑁𝑂𝑂𝑥𝑥
.
1000 ∙ 𝑚𝑚𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

Likewise let 𝐿𝐿𝐿𝐿𝐿𝐿 denote the liquid fuel expenditure in litres per hour (L/h). It follows that
𝑔𝑔/𝐿𝐿 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
the emission of 𝑁𝑁𝑂𝑂𝑥𝑥 in grams per litre (g/L) of combusted fuel is
𝑁𝑁𝑂𝑂𝑥𝑥
𝑔𝑔/𝑘𝑘𝑘𝑘 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑁𝑁𝑂𝑂𝑥𝑥

=

3600 ∙ 𝑚𝑚𝐹𝐹𝑁𝑁𝑂𝑂𝑥𝑥
.
𝐿𝐿𝐿𝐿𝐿𝐿

These estimates in mass per combusted mass or volume express the engine emissions in a
meaningful and straightforward way. We consider them to be most valuable. The expected error in
the estimate is assumed to be comparable to that of the mass flow in the numerator.

9

This is done using Scipy - Python’s scientific computing library – via the k-d tree nearest neighbor finding algorithm.
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Finally, let 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 be the engine power - at the shaft as it exits the engine. It follows that
𝑠𝑠𝑠𝑠𝑂𝑂𝑥𝑥 the (specific) emission of 𝑁𝑁𝑂𝑂𝑥𝑥 in grams per kilowatt-hour (g/kWh) is
𝑠𝑠𝑠𝑠𝑂𝑂𝑥𝑥 =

𝑚𝑚𝐹𝐹𝑁𝑁𝑂𝑂𝑥𝑥
.
3600 ∙ 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

Here it is worth mentioning again that we estimate 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 using a model. As such an expression of
the engine emissions in terms of e.g. grams per kilogram fuel is naturally preferred.

7.8 NOx modelling for ships without NOx measurements
For the vessels without NOx monitoring, the specific and g/km NOx emissions are modelled. This is
done for both the engine out emissions as well as for the emissions downstream of an SCR catalyst
(if this would be installed).
The NOx modelling is based on:
NOx emission factors in g/kg fuel depending on the emissions / CCNR classification of the
engine
A typical SCR NOx conversion characteristic as a function of exhaust gas temperature (refer to
the figure below).
The SCR NOx conversion characteristic is based on various publications in the past and updated with
input from Multronic, SCR system supplier and partner in PROMINENT. 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, full
NOx conversion efficiency is reached at 270°C.

Figure 24: NOx reduction percentage of the SCR against the exhaust gas temperature.
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8

Appendix B: Factsheet per ship
8.1 Explanation of figures in factsheets

Vessel specifications
For each factsheet a table with the following specifications is given:
ID: vessel ID and type of vessel;
Build year: build year of the main engine(s);
Power: brake power per main engine;
Num. engines: number of main engines;
Brand and type: brand and type of the main engine(s);
Features: emission class of the main engine(s) and, if present, the after treatment system;
Area: sailing area;
DWT: maximum load capacity;
Modelled: the parameters which were modelled instead of measured;
Hours: monitored hours.
Exhaust temperature
The temperature is available differently for the different project partners. The fact sheet contains
a histogram of the percentage of time that the exhaust temperature was in a range of 15 degrees
width. Here we report the exhaust temperature (after the turbo), which is at disposal for a possible
SCR installation. Often also the engine-out temperature is available, which is measured before the
turbo. These temperatures differ significantly due to the pressure drop across the turbo.
Temperature is not always available, or only before the turbo. In these cases the temperature is
estimated using the load percentage of the engine together with the power-temperature
characteristic measured on the Vessel 2, shown in Figure 23. The fact sheets for which we report
estimated the show the text “Temp.” in the table on the sheet, under the keyword “Modelled”.

Figure 25: Relative engine power against exhaust temperature for Vessel 2. Constant values represent the bin
averaged temperature.

Speed Over Ground(SOG)
Vessel speed is reported relative to the land, in percentage of time. The data is split into upstream,
downstream and other.
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Fuel consumption per km
Fuel consumption per kilometer is found using the fuel measurements and the GPS speed of the
vessel. The figure clearly shows the large difference in required fuel up and downstream. This is
due the higher power required in going upstream, resulting in a higher fuel flow rate, as well as the
rapidly increasing time spend per km for decreasing speeds.
Specific NOx and relative power
NOx is measured on the ships of TNO and Multronic. For the other vessels an estimate of the NOx
emissions is made. In these fact sheets, the word “NOx” is found in the table after “Modelled”. This
estimation is done using the CCNR class of build year of the engines, in combination with the fuel
use of the engine. NOx and fuel are proportional. Specific NOx is plotted onto a fixed range
between 0 and 18g/kWh. The value of NOx represents the power bin averaged value. Values above
100% occur, note that these will likely 1-5% overshooting of the 100% limit.
For vessels that do not have a SCR or have calculated NOx, also the effect of a SCR is simulated.
The conversion is depends on temperature. For vessels without temperature measurement, this
means that the estimated temperature is used.
Brake power is estimated from the fuel consumption combined with the available fuel consumption,
the BSFC curve is found appendix A. Relative power is plotted against the right axis. Upstream and
downstream is distinguished, which gives insight into the large difference in power required for
upstream and downstream. Having this difference will be helpful in determining possible right sizing
of components in (mechanical/electrical) hybrid configurations.
NOx per km
The (estimated) emitted NOx per kilometer is shown in the lower graph. This value is without
simulation of SCR for the vessels without an SCR system on board. As explained in the previous
paragraph, when there was no NOx measurement, indicative modelled NOx values are shown
instead.
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8.2 Factsheets per vessel
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ID
Build year
Power [kW]
Num. Engines
Brand
Type
Features
Area
DWT
Modelled
Hours

Vessel 14: Push boat
2012
1492 (2 x 746)
2
Caterpillar
3512 with EAT
DOC and SCR
NOx emissions complient with Stage V
FARAG / Rhine
1160

*Fuel constumption of 1 out of 2 enignes
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ID
Build year
Power [kW]
Num. Engines
Brand
Type
Features
Area
DWT
Modelled
Hours

Vessel 15: Push boat
2009
4110 (3 x 1370)
3
MAK
3M20
Rhine
1290

*Fuel constumption and NOx in [g/km] of 1 out of 2 enignes.
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ID
Build year
Power [kW]
Num. Engines
Brand
Type
Features
Area
DWT
Modelled
Hours

Vessel 16: Dry bulk
1958
550
1
Volvo
Penta RAMD 163 C
BE, NL
100
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ID
Build year
Power [kW]
Num. Engines
Brand
Type
Features
Area
DWT
Modelled
Hours

Vessel 17: Dry bulk
2007
1600
1
ABC
8DZ
SCR
Rhine
3054
234
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IDk
Build year
Power [kW]
Num. Engines
Brand
Type
Features
Area
DWT
Modelled
Hours

Vessel 18: Tanker
2007
1250
1
Caterpillar
3512
SCR
Rhine
3204
297
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ID
Build year
Power [kW]
Num. Engines
Brand
Type
Features
Area
DWT
Modelled
Hours

Vessel 19 SB: Tanker
2004
2260
2
Caterpillar
3215
SCR
Rhine
5782
346

*Fuel constumption and NOx in [g/km] of 1 out of 2 enignes.
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ID
Build year
Power [kW]
Num. Engines
Brand
Type
Features
Area
DWT
Modelled
Hours

Vessel 19 P: Tanker
2004
2260
2
Caterpillar
3215
SCR
Rhine
5782
90

*Fuel constumption and NOx in [g/km] of 1 out of 2 enignes.
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