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 1 Introduction 

Over 90% of the world's trade occurs via maritime transport. Air pollution, 
greenhouse gas (GHG) emissions and underwater radiated noise are unintended 
by-products of this international shipping. The maritime sector is aware of the need 
for energy efficiency and greenhouse gas reduction. In 2018, the International 
Maritime Organization (IMO) has adopted an Initial Strategy on reduction of GHG 
emissions from ships1. This confirms IMO's commitment to reducing GHG 
emissions from international shipping and, as a matter of urgency, to phasing them 
out as soon as possible in this century. With the 'Plan for Sustainable Shipping' 
(reproduced in Annex B to this report), the Belgian government wants to help 
shipowners towards a greener, CO2-free and digital future for the sector. The plan is 
in line with the international objective of reducing carbon dioxide (CO2) emissions 
from the shipping sector by at least half by 2050. 
 
Besides GHG, IMO has a progressive reduction approach of nitrogen oxides (NOx), 
sulphur oxides (SOx) and particulate matter (PM) to prevent air pollution from 
ships2. To help protect maritime wildlife, IMO's work includes reduction of 
underwater noise from ships3. In 2014, IMO published nonmandatory guidelines for 
the reduction of underwater noise from commercial shipping to address adverse 
impacts on marine life [IMO MEPC, 2014].  
 
Ideally, measures taken to reduce GHG emissions would also reduce underwater 
noise, but the link between the two has not yet been clearly demonstrated. In this 
study, commissioned by the Dienst Marien Milieu (DMM) of the Belgian federal 
public service for Health, Food chain safety and Environment, we investigate the 
options for reducing GHG emissions as well as underwater noise, with a focus on 
the Belgian shipping fleet.  
 
The following approach was chosen: 
1 Create an overview of the characteristic ship types in the Belgian fleet, including 

cargo vessels, tankers, fishing boats, dredgers and offshore support vessels. 
2 Provide a global analysis of the current underwater radiated noise and 

emissions (CO2, NOx, SOx, PM) of these characteristic ship types. 
3 Provide an overview of possible reduction measures for emissions and 

underwater radiated noise. 
4 Analyse the potential co-benefits of measures for reducing underwater vessel 

noise for energy efficiency and GHG reduction. 
 
As Part 2 of this study, TNO has investigated the potential for reducing air 
emissions as well as underwater noise with a so-called operational ‘slow steaming’ 
scenario for the North Sea region, in which the maximum speed of the ships is 
limited in order to save energy and reduce emissions, see [de Jong and Hulskotte, 
2020]. 

 
1  http://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Pages/GHG-

Emissions.aspx 
2  www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Pages/Air-Pollution.aspx 
3  http://www.imo.org/en/MediaCentre/HotTopics/Pages/SustainableDevelopmentGoals.aspx#number14 

http://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Pages/GHG-Emissions.aspx
http://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Pages/GHG-Emissions.aspx
http://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Pages/Air-Pollution.aspx
http://www.imo.org/en/MediaCentre/HotTopics/Pages/SustainableDevelopmentGoals.aspx#number14
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 2 Belgian shipping fleet 

2.1 Introduction 

As input for this study, the Dienst Marien Milieu (DMM) of the Belgian federal public 
service for Health, Food chain safety and Environment has provided a list of ships 
from Belgian owners, with their main parameters. This list has been anonymized 
and grouped in terms of characteristic ship types representing the Belgian fleet. 
This chapter provides an overview of the information. The GHG emissions and 
underwater noise radiation for the various ship types are analysed in the next 
chapter.  

2.2 Belgian merchant shipping fleet 

The information provided by DMM was obtained from a database search for ships 
of Belgian owners by Clarkson Research Services Limited (2020). The database 
parameters provided are summarized in Table A.1 (Appendix A). 
 
The database search resulted in a list of 452 ships. The main characteristics (such 
as tonnage, length and design speed) per ship type are summarized in Table A.2 
(Appendix A).  
 
In gross tonnage (GT), Belgium has the 15th largest fleet worldwide, but in number 
of ships the size of the Belgian fleet is limited. The 4th IMO GHG study estimates 
the total world fleet at 119.626 vessels in 2018 [CE Delft e.a., 2020]. 
 
Figure 1 shows the numbers of ships in the Belgian fleet per ship type. The largest 
groups are the dredgers, the crude oil tankers and the bulk carriers. 
 
Figure 2 shows the size distribution (expressed in gross tonnage; GT) of the ships 
in the main classes. This illustrates that the largest ships in the Belgian fleet are 
mainly tankers. 
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Figure 1 Number of ships of Belgian owners per ship type. 

 

 
Figure 2 Number of ships of Belgian owners per size class (gross tonnage GT) and per class of 

ship types (CARGO = Containerships, General Cargo, Bulkers, Reefers, MPP and 
Ro-Ro; TANKERS = Crude Tankers, Chemical Tankers, Product Tankers, LNG and 
LPG; OTHER = Oth Non Cargo, Tugs and Offshore Vessels). 
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 3 Analysis of emissions and underwater radiated 
noise of the Belgian shipping fleet 

3.1 Introduction 

What are the typical contributions of the Belgian shipping fleet to emissions and 
underwater radiated noise? Which ship types have the greatest contribution? Is 
there a correlation between emissions of greenhouse gases and underwater 
radiated noise? These questions have been studied on the basis of the parameters 
that were obtained from the database search for ships of Belgian owners (see 
Chapter 2). 

3.2 Emissions 

In order to estimate the total emissions of the Belgian fleet, the following steps have 
been taken: 
• Estimation of the total annual sailing hours and energy consumption for all 

vessels. When available, these data were provided for the individual vessels 
based on the EU Monitoring, Reporting and Verification database 
(THETIS-MRV). The data were verified and supplemented with the use of key 
figures from IMO (2015). 

• Based on the energy consumption data and the data on the fuel type used for 
each vessel, the emissions of the fleet were calculated by applying emission 
factors derived from TNO (2019), Marin (2019) and JRC (2014). For the 
assessment, the tank-to-wake emissions (TTW, for shipping also referred to as 
tank-to-propeller or TTP) have been considered. This does not include 
emissions from the upstream fuel chain (well-to-tank or WTT). Furthermore, the 
fuel sulphur content can reasonably assumed to be 0.1%, so potentially, if the 
ships would use 0.5% sulphur fuel, the total amount of SOx emissions can be 5 
times higher. At the same time, due to the sulphur related PM emissions, the 
total PM emissions can be about 40% higher. 

 
Based on this analysis, the estimated annual Tank-to-Wake emissions for the 
Belgian fleet are: 
• CO2:  7819 thousand tonnes, 
• NOx:  200 thousand tonnes, 
• PM:  4 thousand tonnes, 
• SOx:  5 thousand tonnes. 
 
• The calculated emission levels per ship type are summarized in Table 1. In the 

second row the totals of each column are displayed. The number of ships and 
their share compared to the total fleet are given per ship type in the second and 
third column, respectively. The CO2, NOx, PM, and SOx emissions as a 
percentage of the total fleet are given per ship class in the last four columns. 
The three most polluting ship classes have been highlighted with bold font: 
Bulkers, Crude Tankers, and LPG ships.  

• Crude Tankers is by far the most polluting group in all the four studied 
emissions, contributing 32.8% to 37.4% of the total emissions of the fleet, 
whereas the share of Crude Tankers to the total number of ships is only 16.6%. 
On an individual ship basis, an LPG ship has a similar footprint as a Crude 
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 Tanker. Bulkers as a group contribute as much to pollutant emissions as the 
LPG group, but the number of Bulkers in the fleet is almost twice as high as 
LPG ships, meaning that an individual Bulker ship is contributing about half the 
amount of a LPG ship. 

• On the note of individual ship emissions instead of the emissions of the entire 
group for a certain ship type, the most polluting ship in the fleet is an LNG ship. 
An individual LNG ship contributes about 1% to the total fleet emissions, about 
two times more than a Crude Tanker. Other heavy-polluters are the 
Containership (similar to a Crude Tanker), the Ro-Ro ship, and the Product 
Tanker. 

• The individual CO2 emission levels are plotted as a function of the gross 
tonnage in Figure 3. 

 

Table 1 Estimated emissions (CO2, NOx, PM, and SOx) per ship category of the Belgian fleet. 
The percentages indicate the contribution of the sum of all ships per ship type to the 
total emission by all ships examined (not all ships worldwide). 

 nr  Annual 
CO2 
contributio
n 

Annual 
NOx 
contributio
n 

Annual PM 
contributio
n 

Annual 
SOx 
contributio
n 

Type 452 % of 
nr 

% of total 
7.8e6 

tonnes 

% of total 
2.0e5 

tonnes 

% of total 
4.5e3 

tonnes 

% of total 
5.0e3 

tonnes 
Containerships 23 5.1% 10.5% 11.3% 11.1% 10.5% 
General Cargo 13 2.9% 0.9% 0.8% 0.8% 0.9% 
Bulkers 61 13.5% 13.4% 14.0% 12.1% 13.4% 
Reefers 5 1.1% 0.3% 0.4% 0.5% 0.3% 
MPP 0 0.0% 0.0% 0.0% 0.0% 0.0% 
Ro-Ro 28 6.2% 7.6% 5.6% 11.2% 7.6% 
Crude Tankers 75 16.6% 35.4% 37.4% 32.8% 35.5% 
Chemical Tankers 7 1.5% 0.7% 0.7% 0.8% 0.7% 
Product Tankers 12 2.7% 3.5% 3.0% 5.1% 3.4% 
LNG 5 1.1% 4.8% 5.4% 5.4% 4.9% 
LPG 33 7.3% 13.4% 14.1% 12.9% 13.4% 
Oth Non Cargo 24 5.3% 0.6% 0.4% 0.4% 0.6% 
Tugs 33 7.3% 1.2% 0.8% 0.9% 1.2% 
Dredgers 110 24.3% 6.7% 5.2% 5.1% 6.6% 
Offshore 23 5.1% 1.0% 0.8% 0.8% 1.0% 
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Figure 3 Estimated CO2 emission per nautical mile, as a function of the gross tonnage (GT). 

3.3 Underwater radiated noise 

In the Interreg programme Jomopans4, TNO and JASCO developed a trend model 
for quantifying ship noise source levels based on parameters available from AIS 
transmissions. The model is based on trends observed in the data base of ship 
source levels measured in the Vancouver Fraser Port Authority’s Enhancing 
Cetacean Habitat and Observation (ECHO) program [MacGillivray et al, 2019].  
 
This JOMOPANS-ECHO model calculates the ship source level spectrum, 
associated with a 6 m source depth, as a function of frequency (𝑓𝑓), ship speed over 
ground (𝑉𝑉), ship length (𝑙𝑙) and ship type (vessel class, 𝑣𝑣𝑣𝑣), where 𝑉𝑉𝑣𝑣𝑣𝑣 is a fitted 
reference speed per vessel class and 𝑙𝑙0 = 100 m is a fixed reference length for all 
vessel classes:  
 

𝐿𝐿𝑆𝑆 (𝑓𝑓,𝑉𝑉, 𝐿𝐿, 𝑣𝑣𝑣𝑣) = 𝐿𝐿𝑆𝑆0(𝑓𝑓, 𝑣𝑣𝑣𝑣) + 60log10(𝑉𝑉 𝑉𝑉𝑣𝑣𝑣𝑣⁄ ) dB + 20log10(𝑙𝑙 𝑙𝑙0⁄ ) dB, 

 
Using this model, the source level of the ships in the Belgian fleet (Chapter 2) has 
been calculated, assuming that the ships all sail at their design speed. The 
calculated source levels per ship type are summarized in Table 2. The individual 
unweighted broadband source levels are plotted as a function of the gross tonnage 
in Figure 4. The ‘non propelled’ dredgers and offshore platforms are ignored in this 
analysis. Note that these calculations provide a statistical estimation of the source 
levels per ship type and do not give a prediction of the radiated noise characteristics 
of individual vessels. The uncertainty in the source level prediction for individual 
ships is about 7 dB (the standard deviation of the difference between the model 
prediction and measurements of individual vessels in the ECHO database). 

 
4  https://northsearegion.eu/jomopans/ 

https://northsearegion.eu/jomopans/
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 Table 2 Calculated source level (SL) associated with a 6 m source depth of the Belgian ship 
types when they sail at their design speed. The last column provides a tentative first 
estimation of the percentage contribution of the sum of all ships per ship type to the 
total underwater sound power radiated by all ships. This estimation of the 
instantaneous sound power is based on the unrealistic assumption of all ships of the 
fleet sailing at design speed and simultaneously. 

 nr  SL [dB re 1 µPa-m] Sound power 
contribution 

Type 452 % of nr min avg max % of total 
Containerships 23 5% 178 189 195 10% 
General Cargo 13 3% 151 165 173 0.02% 
Bulkers 61 13% 177 187 191 11% 
Reefers 5 1% 186 188 188 1% 
Ro-Ro 28 6% 177 183 191 3% 
Crude Tankers 75 17% 188 192 201 42% 
Chemical Tankers 7 2% 181 183 184 0.4% 
Product Tankers 12 3% 166 178 188 1% 
LNG 5 1% 196 196 196 7% 
LPG 33 7% 176 184 188 4% 
Oth Non Cargo 24 5% 171 180 191 3% 
Tugs 33 7% 174 181 187 2% 
Dredgers 110 24% 161 182 199 16% 
Offshore 23 5% 159 175 187 1% 

 
Figure 4 illustrates that within the different ship types there is a rather strong 
correlation between ship size (GT) and source level, because both ship length and 
design speed are larger, on the average, for larger vessels. 
 
The estimated source levels can be used to get a rough indication of the ship 
classes for which radiated sound reduction would be the most effective. The ‘sound 
power contribution’ in Table 2 gives the calculated contribution per ship class to the 
total radiated sound power when all ships would be sailing at the same time and at 
their design speed. Although this is an unrealistic scenario, it suggests that noise 
reduction would be most effective for crude oil tankers, bulkers, containerships and 
dredgers. Figure 5 illustrates that the big representation of larger size tankers in the 
Belgian fleet has potentially the largest contribution to underwater noise.  
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Figure 4 Calculated source level (SL), associated with a 6 m source depth, of the Belgian ships when they 

sail at their design speed, as a function of the gross tonnage (GT). The source level model 
depends on ship length rather than GT, but Length between particulars (Lpp) was not provided in 
the database search. Therefore length 𝐿𝐿 was estimated from GT based on the regression formula 
𝐿𝐿 ≈ (20 × GT)0.4, see Appendix A. 

 
Figure 5 Calculated contribution to the total radiated sound power per size class (gross tonnage 

GT) and per overall class of ship types when all ships would be sailing at the same 
time and at their design speed. (Although this is an unrealistic scenario, it provides an 
indication of the ship classes that could potentially have the largest contribution). For 
this overview, the ship types have been grouped in classes Cargo (Containerships, 
General Cargo, Bulkers, Reefers and Ro-Ro), Tankers (Crude Tankers, Chemical 
Tankers, Product Tankers, LNG and LPG), Dredgers and Other (Oth Non Cargo, Tugs 
and Offshore). 
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 Underwater sound maps can provide a more realistic insight into the contribution of 
the different ship types to the underwater soundscape at various locations. In part 2 
of this study, North Sea sound maps will be produced for this purpose, based on 
actual ship traffic information, from Automatic Identification of Ships (AIS) and 
Vehicle Monitoring System data. 
 
The above analysis of underwater radiated noise based on the simplified 
JOMOPANS-ECHO model is mainly useful for a statistical assessment of shipping 
noise in sea basins. The standard deviation of the distribution of measured source 
levels of individual ships around the model predictions is about 7 dB. Hence this 
model, which is based on a very limited set of parameters, is not suitable for the 
assessment of radiated noise from individual vessels, see Chapter 5. 
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 4 Options for emission reduction 

4.1 Regulations on emissions 

4.1.1 Regulations on greenhouse gas emissions 
The main goal of the initial IMO greenhouse gas reduction strategy is to reduce 
greenhouse gas emissions (GHG) from shipping in 2050 by at least 50% compared 
to the 2008 emissions level (IMO 2018).  
 
As part of the strategy, the following measures have been defined: further 
strengthening of energy efficiency design index (EEDI) for different ship vessel 
types and to improve the operational efficiency in two stages:  
• By 2030: 40% CO2 reduction per transport work, expressed in gram CO2 per ton 

per nautical mile (ton.nm) compared to 2008;  
• By 2050: 70% reduction per transport work, expressed in gram CO2 per ton per 

nautical mile (ton.nm) compared to 2008. Reduction of 50% of the absolute 
GHG emissions compared to 2008.  

 
Possible technical, operational and market-driven measures for reduction over the 
short, long and medium term still need to be defined and are currently under 
discussion. 
 
The sections below summarize the most important policies which underpin the 
regulatory framework for the sustainability aspects of the maritime shipping sector. 
Particular focus is given to:  
• Policies that have an impact on the energy efficiency of the ship and thus CO2 

emissions of vessels; 
• Regulations on other types of emissions beyond CO2; 
• Fuel regulations. 

4.1.2 Energy efficiency policies 
The Energy Efficiency Design Index (EEDI) is a mandatory IMO regulation for new 
vessels with keels laid down as of the 1st of January 2013. Ship types where EEDI 
is applicable account to 85% of the CO2-emissions of the world fleet (IMO 2020). 
The EEDI for new ships aims to promote the use of more energy efficient (less 
polluting) equipment and engines, requiring a minimum energy efficiency level per 
capacity mile (e.g. tonne mile) for different vessels in accordance with their ship 
type, size and sector within which they operate. 
 
The Ship Energy Efficiency Management Plan (SEEMP) is an operational fleet 
management measure that establishes a mechanism to improve the energy 
efficiency of a ship in terms of cost-savings as well as environmental protection. 
The SEEMP became legally binding as of the 1st of January 2013 according to IMO 
regulation MEPC.203(62), for all active, operational vessels (IMO 2020). 
 
Closely related to the SEEMP is the monitoring tool: Energy Efficiency Operational 
Indicator (EEOI). The EEOI shall allow operators to measure the fuel efficiency of a 
ship in operation and to estimate the impacts of any changes in operation, e.g. 
improved voyage planning, or more frequent propeller cleaning, or the introduction 
of technical measures such as waste heat recovery systems or a new propeller. 
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The Regulation for the monitoring, reporting and verification of carbon dioxide 
emissions from maritime transport (EU MRV) requires vessels over 5,000 GT that 
are loading/ or unloading cargo and/or passengers at European ports to monitor 
and report their related CO2 emissions. The first monitoring and monitoring 
reporting cycle has begun January 1st, 2018, with two data sets collected:  
• Data on fuel consumption for all maritime voyages from, to and within the 

European Union is converted to CO2-emissions (ton) using emission factors 
from the 2014 guidelines for calculating the EEDI (resolution MEPC.245(66)). 

• Data on total transport work on these voyages (either cargo in tons or number 
of passengers). 

 
The IMO has also set up a Data Collection System (IMO DCS) as part of the 
SEEMP. Aggregated data are collected on fuel consumption and are therefore less 
detailed than the MRV. The first reporting period began January 1st, 2019. 

4.1.3 Regulations on other emissions 
Besides regulations focussing on CO2-emissions there are policies focussing on air 
pollutant emissions. Concerning the emission of Nitrogen Oxides (NOx), limits have 
been set for new build ships when operating in a nitrogen emission control area 
(NECA). The current regulatory level in a NECA is Tier III and applies to ships 
constructed after a specific date. Outside of the NECA, IMO Tier II is of application. 
The allowed NOx levels emissions in Tier III are about 80% less than that of Tier I 
(ships vessels built after January 2000). NECA has been set up in coastal waters 
around USA and Canada with effect as of January 1st, 2016 for new build vessels. 
As of January 1st, 2021, a NECA will apply to the North Sea and the Baltic Sea.  
 
Fuel regulations: As of January 1st, 2020, the allowed SOx and PM limit outside of 
emission control areas will be reduced significantly. The worldwide fuel sulphur and 
PM limit will reduce from 3.5% m/m (mass by mass) to 0.5% m/m. 
 
Another emission that is under discussion by IMO for possible future regulation is 
Black Carbon. Black Carbon is a subset of PM at the range of tens of nm particle 
size. These particles have been identified as distinctly hazardous for human health 
and creating significant atmospheric warming [REF: 
http://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Docu
ments/Air%20pollution/Black%20Carbon.pdf]. 

4.1.4 Fuel sustainability regulations  
European fuel regulations also shape the further development of the shipping 
sector towards alternative fuels with the most important regulations mentioned as 
follows.  
 
The EU Renewable Energy Directive II (RED II) sets targets for the use of 
renewable energy until the year 2030 (DG MOVE 2019b). RED II has been adopted 
in 2018 and replaced the Renewable Energy Directive from 2009. RED II sets an 
overall EU target for Renewable Energy Sources consumption of 32% by 2030. 
 
Furthermore, RED II defines a series of sustainability and GHG emission criteria  
that bioliquids used in transport must comply with, in order to be included in the 
overall target of 14% renewables. 

http://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Documents/Air%20pollution/Black%20Carbon.pdf
http://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Documents/Air%20pollution/Black%20Carbon.pdf
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Maritime, as well as aviation, is exempted from RED II, however, Member States 
can “opt in” the sectors to contribute to the target. The contribution of “non-food 
renewable fuels” supplied to these sectors will count 1.2 times their energy content 
(DG MOVE 2019). If waste feedstock (listed in Annex IX, A) are used, the 1.2 
energy content will be counted twice leading to a 2.4 multiplier. This makes the 
application of biofuels in the maritime sector attractive for reaching the overall 
target.  
 
The Alternative Fuels Infrastructure Directive (AFID) adopted by European 
parliament in 2014, required the development of national policy frameworks to 
address the development of alternative fuels in conjunction with their associated 
infrastructure development and accompanying the development of technical 
standards (DG MOVE 2019a). Furthermore, the directive required a minimum 
coverage for infrastructure of certain alternative fuels. As part of AFID, ports that 
have been identified as maritime core ports in the Trans-European Transport 
Network (TEN-T) (40 major ports in Europe, including Antwerp, Gent, Oostende and 
Zeebrugge) are required to be able to provide bunkering of LNG by the end of 
2025. AFID does not refer to gradual uptake of any other alternative fuels within the 
maritime sector or indeed support any potential contenders to LNG when such 
actions should be required. Development of infrastructure for fuels (such as 
hydrogen, methanol, and ammonia), therefore needs to be addressed through new 
regulations. 

4.2 Overview of emission reduction measures 

Emission reduction can be achieved in numerous ways depending on which 
emission one wants to reduce, and which types of measures are technically and 
economically feasible. The breakdown of CO2 emission sources from shipping is a 
useful approach to understand which factors affect the total CO2 emission. These 
factors and their meaning are shown in the schematic in Figure 6. The green, red, 
orange, and grey blocks represents the carbon intensity of the energy carrier, the 
ship efficiency, operations and logistics, and product volume and characteristics, 
respectively. The figure shows CO2-emissions as an example; however the formula 
is also applicable for other air pollutant emissions such as NOx, SOx 
 
The other emissions, namely NOx, SOx, and PM, relate in one way or another to the 
same emission factors as shown in Figure 6, except for the carbon intensity of the 
energy carrier (which is obviously the only factor that directly relates to CO2). In 
other words, for a given fuel and powertrain technology, the emissions of NOx, SOx, 
and PM will also scale with the ship efficiency, load factor, etc. 
 

 
Figure 6 Breakdown of CO2 emission sources from shipping. 
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In the following sections, emission reduction measures of all the above mentioned 
categories, except for the grey coloured categories, are presented: 
• Alternative energy carriers and power generation, 
• Energy efficiency and aftertreatment, 
• Operations and logistics. 

4.3 Alternative energy carriers and power generation 

The IMO ambition to reduce CO2 emissions from ships can be approached by ship 
powertrain technology and fuel type selection. Interesting technology and fuel 
combinations are the ones that have the potential to result in zero-emission 
shipping. In the following sections, first a brief overview of the main fuel conversion 
technologies is given. Then, zero-emission vessel (ZEV) options for several ship 
categories are reviewed based on the work published by Lloyd's and UMAS 2017. 

4.3.1 Internal combustion engine (ICE) 
The one technology that is wide-spread in use on vessels and has proven its 
reliability is the ICE. These vessels mostly use fossil fuels to combust in their 
engines. To reduce CO2 emissions, however, alternative fuels from sustainable 
sources are necessary, such as sustainable biofuels and synthetic fuels (e.g. 
ammonia, hydrogen, methanol).  
 
The introduction of synthetical produced electrofuels in general might deliver a 
solution for the GHG-problem utilizing the quickly growing surpluses of renewable 
energy of solar and windfarms. An extensive review of production costs has been 
published by Brynolf et al., 2018. A crucial factor in the timelines of a such 
introduction is the effective global pricing of GHG-emissions. 
 
Such fuels that are suitable for use in these combustion engines are many. Some of 
the often referenced fuel candidates for future shipping are: ammonia, hydrogen, 
methanol, and biofuels. The use of ammonia and hydrogen obviously have zero 
CO2 emissions associated from tank to wake. In an ICE also other emissions are 
produced, such as NOx, Particulate Matter (PM), and depending on the used fuel 
also SOx. These emissions can be reduced in for instance aftertreatment systems, 
which is explained in more detail in the next section. In the context of hybrid electric 
powertrain systems, the ICE typically is the main power generator. Several options 
for ICE engines (such as the use of H2) are suitable as retrofit option for existing 
systems. The economic viability of such a retrofit depends on the required 
investments in tank infrastructure and engine reconfiguration and the remaining 
economic lifetime of the vessel). 

4.3.2 Fuel cells (FC) 
Fuel cells are a relatively new technology to the shipping domain. Inside the fuel 
cell, unlike in an ICE, fuel and oxidizer react via a catalytic process that converts the 
energy potential directly into electricity. None of the emissions that ICE’s typically 
produce, such as NOx, SOx, PM, are emitted by the FC except for water. The choice 
of the fuel and the type of fuel cell technology are related to each other. The most 
suitable fuel cell types are expected to be the low temperature PEMFC for use with 
hydrogen and the high temperature SOFC for use with ammonia and methanol [CE 
Delft 190377]. Currently, ship powertrains including a FC are either in a research or 
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 a demo phase in small passenger ships or ferries [CE Delft, UMAS, 2019]. The 
CO2 footprint of the synthetic fuels (ammonia, hydrogen, methanol) need attention 
to reduce the well to wake CO2 emissions. 

4.3.3 Batteries 
A battery is an energy storage technology and not a fuel conversion technology like 
an ICE or a FC. The lithium-air battery is the best performing regarding energy 
density and lifetime. In an electrically driven propulsion system, the role of a battery 
depends on the architecture of the system [CE Delft, UMAS, 2019]: 
• In hybrid ships the batteries are used in conjunction with an ICE to flexibly 

adjust the ICE performance. In this configuration the batteries are charged by 
the ICE and not from the power grid. This option can be valuable for ships that 
have large load variations in their operational profile. In this way, the ICE can 
operate at its high efficiency point to reduce fuel consumption and the ICE can 
operate longer at stationary points without load transients, which is also 
beneficial for fuel consumption and pollutant emission reduction. 

• In plug-in hybrid ships the batteries are also used in conjunction with an ICE like 
in hybrid ships. However, the batteries are charged from the grid instead of the 
ICE. The battery power is meant to be used only for specific operations such as 
manoeuvring. 

• In full electric ships the batteries are the sole supply of power to the entire 
propulsion system and the auxiliary systems. Also here, the batteries are 
charged from the grid. 

 
These electrically driven propulsion systems including a battery are at early 
application phase and the current potential to apply for ships is limited due their 
power requirements and operating profile. Also here, the CO2 (and possibly also 
NOx, SOx, and PM) emissions related to the production of batteries and the 
production of the shore electricity need attention for the overall goal of reducing well 
to wake emissions. 

4.3.4 Zero emission vessels (ZEV) 
At the moment, the comparison of ZEV technologies is often done as a desk study 
with the help of simulations. The results of such studies can be heavily dependent 
on the assumptions and the considered ship type and operation. Therefore, it is 
important to incorporate a variety of parameter variations to arrive at more reliable 
results. A study by Lloyds and UMAS (2017) on the profitability of ZEV options 
shows interesting results for different fuel scenarios and various ship types that can 
be related to the Belgian fleet.  
 
Seven ZEV technologies are compared to a heavy fuel oil (HFO) baseline, namely: 
1 Biofuel ICE, 
2 Ammonia ICE, 
3 Ammonia FC, 
4 Hydrogen ICE, 
5 Hydrogen FC, 
6 Hydrogen FC + Batteries, 
7 Battery electric. 
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 Each of these ZEV technologies are investigated for three different fuel scenarios: 
1 Green electricity: expensive electricity produced from renewable sources, cheap 

hydrogen produced from fossil sources, third-generation carbon neutral biofuels 
are available. 

2 Green ammonia: carbon neutral ammonia widely available, cheap electricity 
from fossil sources, hydrogen produced from a mix of renewable and fossil 
sources, third-generation carbon neutral biofuels are available. 

3 Green hydrogen: expensive hydrogen produced from renewable sources, FC 
technology becomes highly efficient and cheap hydrogen storage technology, 
cheap electricity produced from a mix of renewable and fossil sources, 
expensive ammonia produced from mix of expensive 'green' hydrogen and 
cheap electricity. 

  
For all the combinations of the abovementioned ZEV technologies and fuel 
scenarios, cost calculations were performed for the following five ship types: 
1 Bulk carrier, 53000 dwt, 
2 Containership, 9000 TEU, 
3 Tanker, 110000 dwt, 
4 Cruise, 3000 dwt, 
5 RoPax, 2250 dwt. 
 
These profitability simulations resulted in biofuel ICE as the most profitable option in 
all scenarios for all the ship types. The close second became ammonia ICE, 
followed by ammonia FC and hydrogen ICE. An overview of the relative profitability 
outcomes is presented in Figure 7. The order of profitability of the ZEV technologies 
is the same for each ship type (not shown in the figure). 
  

 
Figure 7 The relative profitability of ZEV technologies aggregated for all ship types and fuel scenarios. Taken 

from [Lloyds, UMAS, 2017]. 

It is important to note that in all the simulated scenarios, the ZEV options are less 
profitable than the HFO reference ship. This means that policy and regulations are 
important drivers for change instead of market forces. 
 
The study also shows that capital costs of storage and the associated revenue loss 
due to reduced cargo space are important aspects that affect the profitability 
results, especially for technologies that include batteries and hydrogen. To 
investigate the sensitivity to these parameters, the reference range of the ships was 
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 reduced, however, the ship would in that case require more frequent bunkering. 
Reduced range results show that biofuel ICE is still the most profitable in all cases 
and for most ship types both hydrogen ICE and hydrogen FC are closer to the 
ammonia variants. With an 80% range reduction, even the battery electric 
technology becomes more profitable than the ammonia and hydrogen options for 
the cruise and RoPax ships. 

4.3.5 Cold Ironing 
A specific solution to reduce emissions from shipping in port areas is the use of cold 
ironing. In this process, shoreside (electrical) power is used when the ship is at 
berth as a replacement of (part of) use of the main and auxiliary engines. The 
measure leads to less emission of air pollutants, and can also have a positive effect 
on GHG emissions (dependant on the electric power source). 
 
Cold ironing is already well developed for inland navigation vessels and small-scale 
maritime vessels (such as short-distance ferries). For larger vessels, cold ironing is 
in a development stage, in which currently some first pilots are conducted. 
Important issues are the development of standards for shore connections on ships, 
the needed investments on both the vessel and shore side and the effects of the 
power demand of vessels on the local energy grid. 

4.3.6 Impact of fuel choice on other emissions 
Switching to fuel with a lower sulphur content will reduce SOx emissions, for 
instance from Heavy Fuel Oil (HFO) to Marine Gas Oil or Marine Diesel Oil (MGO/ 
MDO) or to very low sulphur fuel oil (VLSFO with ≤0.5%Sulpher) or Ultra-low 
sulphur fuel oil (ULSFO with ≤0.1%S). 
 
Switch to an alternative energy carrier, such as methanol or LNG. These engines 
automatically comply with the SOx regulations due to the absence of sulphur in the 
fuel. Depending on the engine technology, these engines can comply to the Tier III 
NOx level, with or without aftertreatment. 
 
Switching to ammonia may cause ammonia slip and formation of N2O (which is a 
GHG gas).  

4.3.7 Applicability for the Belgian fleet 
The attractiveness and applicability of different alternative energy solutions depend 
on several KPIs (TNO 2020), including: 
• Technical aspects of the vessel: 

− ship size (dwt); 
− engine characteristics; 
− bunker tank size; 
− layout of the vessel. 

• Operational characteristics: 
− function of the vessel (freight, passenger, other); 
− average sailing speed; 
− operational hours per year; 
− sailing pattern (fixed route or widespread reach); 
− average time between bunkering. 
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 The above-mentioned aspects will influence the financial (CAPEX & OPEX), 
operational (supply side availability, flexibility to switch bunkering fuel) and other 
(i.e. safety) consequences of switching to alternative fuels. 
An analysis for Hydrogen Europe of the attractiveness of zero emission energy 
carriers for different ship types concluded that ship types with relative short distance 
and/or point-to-point sailing patterns (port vessels, inland vessels, RoRo) are 
suitable for hydrogen or battery-electric (see figure 8) (Hydrogen Europe 2020).  
 
Most midrange shipping markets have vessels with over-dimensioned tank 
capacity, which allows them to bunker alternative fuels such as methanol or LNG 
instead of HFO/MDO without serious adjustments to the bunker frequency, sailing 
pattern, or tank capacity/ship design (TNO 2020). For ammonia, less information is 
available on the suitability. Given the relative high density of the fuel, it is 
considered as a zero-emission option for midrange ships 
 

 
Figure 8 Optimal zero emission fuel solution versus ship type. CH2 is compressed hydrogen, LH2 is 

liquid hydrogen, NH3 is ammonia. REF: Hydrogen Europe, Strategic Research and Innovation 
Agenda, July 2020. 
https://hydrogeneurope.eu/sites/default/files/20200703%20Final%20Draft%20updated%20SRIA
%20HE-HER.pdf 

Larger, globally operated vessels, such as large tanker vessels or bulk carriers are 
less suitable for alternative energy carriers, and are only expected to make a shift in 
the long term (TNO 2020). 
 
In summary, on high level, the profitability of ZEV options tend to have the same 
ranking for every ship type as presented in Section 4.3.4. However, if one takes a 
closer look to a specific vessel with its technical aspects and operational 
characteristics (such as, function of the vessel, bunker tank size, bunker frequency), 
then the technological applicability of a certain combination of an energy conversion 
technology and a fuel might be more attractive than others. Eventually, the 
applicability must be evaluated on a ship by ship basis. 
 

https://hydrogeneurope.eu/sites/default/files/20200703%20Final%20Draft%20updated%20SRIA%20HE-HER.pdf
https://hydrogeneurope.eu/sites/default/files/20200703%20Final%20Draft%20updated%20SRIA%20HE-HER.pdf
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 4.4 Energy efficiency and aftertreatment 

4.4.1 Improvement of frictional resistance of the vessel 
Several measures can be taken to affect the currents around the vessel. This 
includes the use of friction-reducing coatings to hydrodynamic modifications 
[Bouman et al, 2017, Van den Berg, 2018]: 
• Antifouling and low friction hull coating can be used on existing vessels to lower 

the frictional resistance of a ship and thus save fuel consumption. Literature 
shows a large range in the effects with potential savings between 1.5% and 
4.5%. 

• Hull air lubrication is done by a system injecting air on the wetted flat part of the 
hull in order to reduce the hull resistance. The system creates an air layer 
between the flat bottom part of the vessel and the sea water and therefore 
results in reduced fuel consumption due to reduced resistance. A range of 2.5% 
to 15% emission reduction may be achieved. 

• Hull design measures focus primarily on reducing resistance during operation 
and are primarily applicable for new build vessels. The results indicate that 
novel hull design can contribute considerably to CO2 emissions reduction (2% 
to 30%). 

• Another trend in new build vessels is increased size of the vessels. This 
reduces emissions per transported unit through economies of scale. Particularly 
in container shipping vessels have increased in size in recent decades for deep 
sea shipping. This leads to savings of 10% to 30% CO2-emissions.  

4.4.2 Improvements of the ship propulsion system 
Propulsion improving devices (PIDs) are different ducts, pre-swirl fins, fin on hull, 
rudders, caps, contrarotating propeller or other modifications made to the hull or 
propeller in order to improve efficiency. Depending on the device, the main goal for 
these devices is to reduce the fuel consumption by improving the flow around the 
hull or propeller. The three main places to do modifications are in front of the 
propeller, behind the propeller or do modifications on the propeller or cap. Pre-swirl 
devices aim to improve the propeller inflow conditions, ducts may improve 
propulsion efficiency by improving the propeller inflow and post-swirl devices are 
used to recover parts of the rotational energy in the propeller slip stream. Literature 
finds expected savings between 1.5% and 6.5% depending on the measures and 
the ship type [Van den Berg, 2018].  
 
Wind assistance in shipping has the objective to recover thrust power from wind in 
order to reduce the main engine load while maintaining the same speed. Wind 
assistance on ships is in development. Several types of wind assist are being 
investigated, including kites, hard or soft sails and Flettner rotors. Currently several 
pilots are sailing using different technologies. The energy savings depends on the 
ship type and the sailing route. Savings found in literature range from 5% to 20% 
(Bordogna 2020, IMO 2020),  

4.4.3 Emission control systems 
Aftertreatment systems reduce the pollutant concentrations (except for CO2) in 
exhaust gases after the creation of these pollutants inside the power generator (for 
instance a combustion engine). In order to comply with NOx, SOx, and PM 
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 regulations, vessel owners can undertake one of the following aftertreatment 
options: 
• SCR Catalysts for NOx, 
• Scrubbers for SOx, 
• Particulate filters for PM reduction. 
 
These aftertreatment systems can be integrated in a single ship to achieve 
simultaneous reductions of all the three emissions. 
 
In-engine control reduces the amount of pollutant creation during the combustion 
process inside the engine.  
• Exhaust Gas Recirculation (EGR)Water injection. 
 
These in-engine reduction methods can be applied in conjunction with 
aftertreatment systems to obtain for instance large reductions of NOx by the 
application of EGR in combination with a SCR, and a simultaneous reduction of PM 
by the use of a particulate filter, whereas the use of EGR only would tend to 
increase the emission of PM. 

4.5 Operations and logistics 

4.5.1 Slow steaming 
The relationship with speed of a vessel’s fuel consumption for propulsion is typically 
an exponential one. An assessment of DNV GL for IMO found as a rule of thumb 
that a speed reduction of 10% results in a total fuel saving of approximately 19% 
[GLOMEEP 2020]. 
 
Ship operators do not always sail at a specific speed point, but rather at a specific 
engine load which is associated with a general operating speed with no current. 
Actual speed through water will be affected positively or negatively by conditions 
such as wind and waves (see for example Figure 9). 
 

 
Figure 9 Typical relation between vessel speed and fuel use per day [GLOMEEP, 2020]. 
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 Speed reduction or slow steaming is a common operating feature in shipping as a 
way to lower operating expenditures by reducing fuel consumption. The economic 
viability of slow steaming is affected by several factors, such as freight rates, bunker 
costs and interest rates [Ma, 2014]. Policy measures, such as carbon prices will 
also have an effect on this decision. However, a study on the implementation of 
different measures for a Post Panamax bulk carrier found that the current of levels 
of CO2-prices (euro 50 per ton), hardly affects the carrier’s decision [Van der Berg, 
2018]. 

4.5.2 Application of monitoring tools 
Ship operators are using many different monitoring tools as part of their operations. 
Application of sensors and engine room related monitoring systems can record how 
the ship's propulsion and energy system are functioning and can give insight in the 
overall sailing profile of the ship. Furthermore, it can provide insight on the current 
state of components and whether maintenance is needed [TNO 2020]. 
 
Combining ship related sensor systems with route optimization software can have 
additional benefits. The software can give advice on the optimized speed an engine 
load given the nautical conditions. Furthermore, the systems can advise for 
switching off engines or systems, that are not strictly necessary. Monitoring systems 
can provide real time or offline advice on whether and how things can be improved. 
For example, online there is a display for the helmsman, which shows how 
efficiently the systems are running. When offline, a specialist will generally analyze 
the data and draw up a report of what could possibly be done better. This can be 
done by instructions to the crew or by better adjustment of the control system. 
 
Monitoring tools are not only used in an operational setting, but can also be used on 
the level of the whole fleet. This provides fleet owners with insight into overall GHG 
performance and allows them to make decisions on optimized speed and 
benchmark individual ships.  
 
Several commercial monitoring tools are already in the market. However, many 
systems are still stand alone and do not give an integrated overview of the status of 
the vessel. Forthcoming research focusses on developing a digital twin of the 
vessel. The essence of the digital twin is a virtual representation of the ship and all 
relevant systems connected to the physical representation, the ship as it is built 
(Waterborne 2020). There is uncertainty on the contribution of digital twins to 
emission reduction. More research is needed for this. 

4.5.3 Just-in-time sailing 
Short transit times are important competitive factors in liner shipping of containers 
and bulk goods. Improving real time exchange between ship systems and terminal 
operators in the port can provide operators better insight in the time in which a quay 
is available in the port. This usually means that ships can reduce their speed so that 
they arrive just in time, thus enabling the operator to save fuel and lower emissions 
(TU Delft, Erasmus University and TNO 2018). Based on an analysis of inbound 
container vessel movements for the port of Rotterdam, a potential annual 
CO2-saving of 4% (0.13 Mton) can be accomplished if vessels are continuously 
informed during the last 12 hours before arriving. Furthermore, just-in-time sailing 
can result in shorter waiting times in anchorage areas for ships sailing to Rotterdam 
(Port of Rotterdam 2018).  
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In order to facilitate just-in-time operations, data should be shared between different 
stakeholders. Data exchange between companies currently hardly exists [TU Delft, 
Erasmus University and TNO 2018]. To stimulate data exchange between different 
stakeholders, shared (and public) requirements need to be specified, including 
[TNO, Marin and TU Delft 2017]:  
• an overall (governance and architectural) framework for the information 

infrastructure for inland autonomous shipping; 
• standards for data models and interfaces; 
• the availability of adequate communication network infrastructures; and 
• a field-lab to demonstrate viability of high-level information structure and to 

stimulate further development of standards on data models and interfaces. 

4.6 Cost efficiency of measures 

As part of the 4TH IMO GHG study, an analysis was made on the marginal 
abatement costs of several different reduction options. Table 3 shows an overview 
of the potential reduction of the costs (in US Dollar) per ton CO2 that could be 
achieved. The table shows that there are several measures that lead to cost 
reduction. This includes measures such as hydrodynamic optimisation (such as the 
use of side thrusts to optimise water flows), improved maintenance and better 
on-board energy management. Other options may lead to a significant cost 
increase such as use of alternative zero-emission energy carriers. 

Table 3 Cost efficiency and abatement potential (interest rate: 4%, lifetime: 25 years, price of 
fuel oil: 375 USD/tonne) for 2030. 

Technology 
group 

Reduction option Marginal 
abatement Costs 
(US$/ton CO2) 

CO2 abatement 
potential (%) 

Group 10 Optimization water flow hull 
openings 

-119 1.64% 

Group 3 Steam plant improvements -111 1.30% 

Group 6 Propeller maintenance -102 2.20% 

Group 9  Hull maintenance  -92 2.22% 

Group 12 Reduced auxiliary power usage -61 0.40% 

Group 8  Hull coating  -53 1.48% 

Group 2 Auxiliary systems -41 0.87% 

Group 1  Main engine improvements  -35 0.25% 

Group 13 Wind power 6 0.89% 

Group 16  Speed reduction  17 7.38% 

Group 5 Propeller improvements 21 1.40% 

Group 11  Super light ship  54 0.28% 

Group 4 Waste heat recovery 69 1.68% 

Group 7  Air lubrication  105 1.35% 

Group 15A Use of alternative fuel with 
carbons 

258 5.54% 

Group 15b Use of alternative fuel without 
carbons 

416 0.10% 

Group 14 Solar panels 1,186 0.18% 

Source: CE Delft et. al. 2020. 
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Note that the long-term cost development of alternative energy carriers is very 
uncertain and will depend on the development of both the investment costs of the 
system (CAPEX) and the fuel costs (OPEX).  
The investment costs of different energy carriers will largely depend on the 
development of technology. Important factors in this development are technology 
improvements in battery packs and fuel stacks.  
For fuel cost, a main uncertainty is the price development of green hydrogen (based 
on electrolysis of green electricity) and subsequently the step towards e-fuels. For 
some fuels, such as methanol, a further uncertainty is the price of a sustainable 
source of CO2 (direct air capture). As an example, the figure below presents an 
overview of the price development of e-methanol for three different prices for green 
electricity and three scenarios for sustainable production of CO2. The uncertainty in 
these price levels makes the future price level of e-methanol uncertain. 
 

 
Figure 10 Price of e-methanol for different scenarios of feedstock costs (TNO 2020).  
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 5 Options for underwater radiated noise reduction 

5.1 Underwater noise pollution and regulation 

Over the past decades, underwater noise produced by human (anthropogenic) 
activities has become widely recognised as a form of pollution of the marine 
environment. Several international agreements address underwater noise impacts 
on marine life [Lewandowski & Staaterman, 2020]. For example: the European 
Union [EC, 2008; EU, 2017] has, in its Marine Strategy Framework Directive, 
included underwater noise as one of the descriptors of ‘Good Environmental 
Status’.  
 
Ship traffic is generally considered the main source of anthropogenic low-frequency 
ambient noise in the oceans. Shipping noise makes the largest contribution to the 
total acoustic energy in the Dutch part of the North Sea, up to 10 kHz [Sertlek et al, 
2019]. Though there are still significant knowledge gaps, more and more evidence 
of the effects of shipping noise on marine life is emerging [Rolland et al, 2012; Erbe 
et al, 2016; Kunc et al, 2016; Weilgart, 2018; Erbe et al, 2019]. 
 
Donald Ross suggested in 1975 that low-frequency ambient noise levels must have 
risen by about 10 dB since 1950, because the total number of ships had more than 
doubled and ship sizes increased, and predicted a further increase by about 5 dB 
over the next 25 years [Ross, 1975]. A significant increase was observed in certain 
areas [McDonald et al, 2006, Andrew et al, 2011], with the rate of increase slowing 
down over the past decade, but evidence for a continued global trend in ambient 
noise is lacking [Miksis-Olds & Nichols, 2016], the continued growth in capacity of 
the global shipping fleet leads to an increased concern about impact on marine life 
[Frisk, 2012; Kaplan & Solomon, 2016; Southall et al, 2018]. Various proposals for 
management and regulation of shipping noise have appeared [Heise et al, 2017; 
Vakili et al, 2020], see also § 5.3. 

5.2 Underwater radiated noise from ships 

5.2.1 Metrics and measurement 

The terminology for underwater noise is standardized in [ISO 18405: 2017]. Based 
on experience in the naval field [NATO STANAG 1136] and a national standard 
[ANSI/ASA S12.64-2009/Part 1], ISO has published standard procedures for 
measuring ship radiated noise in deep water [ISO 17208-1: 2016; ISO 17208-2: 
2019] and is working on an standard for shallow water measurements. 

 
Open literature publications of ship underwater radiated noise measurements, e.g. 
[Arveson & Vendittis, 2000; McKenna et al, 2012; Simard et al, 2016; Hannay et al, 
2016; Veirs et al, 2016; Jansen & de Jong, 2017] generally do not follow the same 
standard, which means that a comparison of published levels is not always 
possible. The same holds for the limits for ship radiated noise published by ship 
classification societies (see § 5.3.3).  
 
The ship radiated noise reported by different studies is not always compatible 
because different approaches have been chosen to obtain radiated noise metrics 
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 from measurements of sound pressure with sensors (hydrophones) at different 
distances from the ship and in different environments.  
 
Many acoustic metrics are expressed in decibels (dB). The decibel is a logarithmic 
numerical scale to compare the values of like quantities. Because it is used for 
different quantities, confusion may arise. Referring to [Chapman & Ellis, 1998], the 
following basic principles should be kept in mind: 
• The standard reference pressures used in underwater acoustics and in-air 

acoustics are not the same, hence it is incorrect to compare dB-values of sound 
levels in air and water. 

• The acoustic metrics for radiated sound (i.e. source level or radiated noise level, 
as defined by ISO) and for received sound (sound pressure level) are not the 
same, hence it is incorrect to compare source level with received sound level at 
an unspecified distance from the source. 

• “It is unwise to assume that the auditory experience of any animal would be the 
same as that of a human exposed to the same sound pressure level” [Chapman 
& Ellis, 1998]. Yet in broad terms, our hearing physiology and stress response 
are not radically different from other animals, especially mammals. 

5.2.2 Sources of underwater radiated noise 

The basic principles of ship underwater radiated noise are well known [Urick, 1975; 
Ross, 1976; Janssen (ed.), 1976; Buiten (ed.), 1986]. But ship design varies 
significantly, not only between ship classes but also between individual ships of the 
same class. While generic trend estimations of radiated noise based on ship class, 
dimensions and speed are useful for overall estimations of the contributions of 
classes of ships to shipping sound in the oceans, the design details of specific 
vessels must be analysed to design noise reduction measures and to quantify their 
effectiveness [Spence & Fischer, 2016].  

 
Most commercial vessels have been designed without consideration for underwater 
noise. However, underwater radiated noise reduction has been extensively studied 
for naval vessels, since the use of sonar for detecting these, and for fishery 
research vessels, so that marine life would not be startled during biomass surveys 
[Mitson, 1995]. The most common noise generating mechanisms are classified as 
‘propeller noise’ and ‘machinery noise’, where propeller noise is generally the 
dominant source for commercial vessels sailing at or around design speed. 
 
The dependence on design details and on ship speed is clearly illustrated by the 
results of detailed measurements on a cargo ship in Figure 11, from [Arveson & 
Vendittis, 2000]. The radiated noise contains a combination of broadband noise and 
tones. At the lowest speed, the radiated noise below 200 Hz is dominated by the 
ship’s service diesel generator, which generates a series of 6-Hz harmonics. The 
generator noise is independent of ship speed. At the highest ship speed, the 
radiated noise is dominated by tonal (‘blade rate harmonics’) and broadband 
propeller noise, combined with a few tones at firing rate harmonics of the propulsion 
diesel engine. 
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Figure 11 Keel-aspect radiated noise level spectra of M/V OVERSEAS HARRIETTE, from [Arveson & 

Vendittis, 2000]. Top: one-third octave band spectra at five ship speeds (8, 10, 12, 14, 
16 knots). Bottom: narrowband (0.5 Hz) spectra at the lowest and highest speeds. 

5.2.3 Propeller noise 

The main source mechanism of propeller noise is ‘propeller-induced’ cavitation. 
When a ship’s propeller rotates through the water, it generates the pressure 
difference across its blades that propels the ship. Where the under-pressure drops 
below the local vapour pressure, the water vaporizes locally. This creates cavities 
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 (‘bubbles’ and ‘bubble sheets’), which implode violently when they move out of the 
low pressure area. These ‘cavitation’ processes generate tonal noise at blade rate 
harmonics (due to the rotation of the propeller blades in the inhomogeneous wake 
flow) as well as broadband noise (due to the sharp implosions of the cavities). 
Various cavitation types can occur, see Figure 12. 

 

 
Figure 12 Cavitation types occurring on ship propellers [ITTC, 2002]. 

The main parameters that affect propeller cavitation performance are rotation rate 
(rpm) and propeller diameter, but it also strongly depends on the ship resistance 
(propeller thrust loading), uniformity of the inflow into the propeller (the hull wake) 
and on blade design [Brown, 1976; Ross, 1976; Leaper & Renilson, 2012; Leaper 
et al, 2014; Spence & Fischer, 2016].  

5.2.4 Machinery noise 
The second relevant group of ship radiated noise sources consists of the onboard 
machinery for propulsion (e.g. engines and gear boxes) and auxiliary tasks (e.g. 
power generators, pumps and air-conditioning equipment). All machinery items will 
transmit vibrations to their foundation structure, as well as radiate airborne noise in 
the machinery spaces. This noise will travel though ship structure and air to the hull, 
where it will be radiated into the water as radiated noise design [Urick, 1975; Ross, 
1976; de Jong, 2002; Spence & Fischer, 2016]. 
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Figure 13 Airborne noise and structure-borne noise transmission from machinery to the hull 

leads to hull vibrations and underwater noise radiation, with structure-borne noise 
generally being the most important of the two. 

5.3 Initiatives towards ship underwater radiated noise reduction 

Various international initiatives provide relevant information about options for 
mitigation of ship underwater radiated noise. 

5.3.1 NOAA-Okeanos 
In 2004, the US National Oceanic and Atmospheric Administration (NOAA) hosted 
the international symposium “Shipping Noise and Marine Mammals”, bringing 
together regulatory and scientific communities with the shipping industry [Southall, 
2005]. This was followed in 2007 by a second symposium “Potential Application of 
Quieting Technology on Large Commercial Vessels”, which focused specifically on 
technical aspects, costs, benefits, and potential incentives for various noise 
reduction options [Southall and Scholik-Schlomer, 2008]. Building on these efforts 
Okeanos-Stiftung für das Meer convened a workshop in Hamburg in 2008 [Wright, 
2008], which resulted in a “call for initial global action that will reduce the 
contributions of shipping to ambient noise energy in the 10-300 Hz band by 3 dB in 
10 years and by 10 dB in 30 years relative to current levels. This goal would be 
accomplished by reducing noise contributions from individual ships.” Though this 
call has not been formally accepted by regulatory bodies, the scope of potential 
environmental implications of, and solutions to, shipping noise is substantial and will 
require concerted and sustained international efforts [Southall et al, 2018]. 

5.3.2 International Maritime Organization 
In 2008 The IMO MEPC 58 approved the inclusion of a new high priority item in the 
work program of the Committee on “Noise from commercial shipping and its 
adverse impact on marine life.” A correspondence group was formed, and its report 
was discussed at MEPC 61. MEPC 61 agreed that the propeller is the main source 
for ship generated underwater noise and that future research programmes should 
focus on the propeller and the relationship between cavitation and the cause of 
underwater radiated noise. 
 
In 2014, IMO approved non-mandatory technical guidelines on reducing underwater 
noise from commercial shipping, to address adverse impacts on marine life 
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 [IMO MEPC, 2014]. Given the complexities associated with ship design and 
construction, the Guidelines focus on primary sources of underwater noise, namely 
on propellers, hull form, on-board machinery, and various operational and 
maintenance recommendations such as hull cleaning. 
 
The Marine Environment Protection Committee (MEPC) at its 72nd session in April 
2018 noted a number of submissions in relation to underwater noise. The need for 
further research to better understand the impact of underwater noise from shipping 
as opposed to underwater noise from other sources was raised by a number of 
delegations. Member States have been encouraged to continue to share their 
experiences in dealing with the reduction of underwater noise from shipping 
[IMO MEPC, 2018; 2019]. 

5.3.3 Ship classification societies 
Major ship classification societies, e.g. [DNV GL, 2018; BV, 2018; Lloyd’s Register, 
2018], have established limits for ship radiated noise. Their methodologies and 
standards for measuring have not been harmonized, which may explain differences 
in the various limits. 

5.3.4 AQUO-SONIC and PIAQUO 
The EU FP7 research programmes AQUO [Audoly et al, 2017] and SONIC [Prins et 
al, 2016] jointly produced one document with guidelines for regulation on 
underwater noise from commercial shipping [AQUO-SONIC, 2015]. Since 2019, this 
work is continued in the EU-Life project PIAQUO5, which aims at reducing the 
acoustic impact of maritime traffic and adapting it in real time to the ecosystems. 

5.3.5 Transport Canada 
Transport Canada, in collaboration with the marine industry, academia, Indigenous 
groups, environmental organizations, other government departments, the United 
States and the broader international community, is assessing, testing and 
implementing measures to reduce the impacts of marine traffic on at-risk whale 
populations, in particular the Southern Resident killer whale, and the North Atlantic 
right whale. In this context, Vard Marine Inc. prepared a report on ship underwater 
radiated noise reduction for the Innovation Centre of Transport Canada [Kendrick & 
Terweij, 2019]. The findings have been reported to IMO [IMO MEPC, 2019]. In 
2019, Transport Canada organised an international workshop “Quieting Ships to 
Protect the Marine Environment” [Bahtiarian, 2019] in London and a follow-up 
workshop in Canada [TC, 2019]. 

5.3.6 ECHO programme 
The Vancouver Fraser Port Authority’s Enhancing Cetacean Habitat and 
Observation (ECHO) program is aimed at better understanding and managing the 
impact of shipping activities on at-risk whales throughout the southern coast of 
British Columbia. One of the key focus areas of the ECHO Program is underwater 
noise from shipping activities and finding ways to reduce it.  
 
In 2017, the ECHO program carried out a two-month voluntary vessel slowdown 
trial to determine whether slowing to 11 knots was an effective method for reducing 
underwater radiated vessel noise [DFO, 2017; MacGillivray et al, 2019; Joy et al, 

 
5  http://life-piaquo.eu 

http://life-piaquo.eu/
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 2019; Williams et al, 2019]. The results of this trial are summarized in Section 5.6. 
The ECHO Program commissioned a study to identify technical ways to make 
vessels quieter [Hemmera, 2016]. The Vancouver Fraser Port Authority’s EcoAction 
Program offers discounted harbour dues to vessels that have adopted quiet 
notations from ship classification societies Bureau Veritas, DNV-GL and RINA 
(§ 5.3.3). 
 
In May 2020, the ECHO program reported the results of a vessel noise correlation 
study [MacGillivray et al, 2020], using data from the ECHO Program vessel source 
level database (2015-2018) and different databases to investigate correlations 
between vessel noise emissions, design characteristics and operating conditions for 
six major commercial vessel categories. It was found that vessel overall length was 
the main design characteristic and speed through water and actual draft were the 
main operational characteristics that have a strong correlation with underwater 
radiated noise in all vessel categories. No other general design characteristics that 
are publicly available through Lloyd’s List Intelligence were found to have a 
significant correlation to vessel noise emissions. 

5.3.7 International Fund for Animal Welfare (IFAW) 

The non-governmental organization International Fund for Animal Welfare (IFAW) 
has actively reviewed the potential options for reducing underwater noise from large 
commercial ships [Leaper & Renilson, 2012; Leaper et al, 2014; Leaper, 2019].  

5.4 Options for underwater radiated noise reduction 

Guidelines for the reduction of underwater noise from commercial shipping 
[IMO MEPC, 2014; AQUO-SONIC, 2015; IMO MEPC, 2019] distinguish design and 
operational mitigation measures. This section presents a global overview of the 
various options. More details can be found in the mentioned guidelines and referred 
literature. 

5.5 Noise mitigation in ship design 

Generic analysis of ship underwater radiated noise, such as applied in § 3.3, do not 
provide the insights into the design details of specific vessels that must be analysed 
to implement noise reductions. Because of the large variety of ship designs within 
each ship type class, this must be done on a case-by-case basis [Spence & Fisher, 
2017]. The optimal underwater noise mitigation strategy for any ship should at least 
consider all relevant noise sources [IMO MEPC, 2014], considering that any noise 
source that is at least 10 dB louder than the next loudest noise source dominates 
the noise output, such that the others become largely irrelevant. 
 
Because the vast majority of current commercial vessels have been designed 
without consideration for underwater radiated noise, the first step towards achieving 
noise reduction will be to include guidelines, such as [IMO MEPC, 2014; 
AQUO-SONIC, 2015], in the design process. Developing and implementing noise 
control solutions is most cost effective and acoustically effective when performed 
during the vessel’s design stage. Retrofitting the treatments always leads to 
additional costs, and some treatment approaches may not be possible because of 
space or other design restrictions [Spence & Fisher, 2017].  
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 5.5.1 Hull 
The main factors through which hull design affects underwater radiated noise are: 
• Resistance: optimisation of the hull form and the application of anti-fouling and 

low-friction coatings, for reduced resistance will reduce the required propulsion 
power at the same speed, which will generally lead to reduced propulsion noise 
(less propeller cavitation). Reduced resistance is also beneficial for energy 
efficiency and reduces emission of greenhouse gases, see § 4.4.1.  

• Wake field: optimisation of the hull form with its appendages such that the wake 
field (in the propeller plane) is as homogeneous as possible, which will reduce 
propeller cavitation. Various technical solutions (fins, ducts) to improve the 
inflow into the propeller are proposed as propulsion improving devices (PIDs), 
since these are generally beneficial for energy efficiency as well, see § 4.4.2. 

• Structure: optimization of the hull structure (mass, stiffness and damping) can 
potentially reduce the underwater radiation of structure-borne and air-borne 
machinery noise. Only relevant when machinery noise exceeds propeller noise. 

• Hull treatments: air emission systems can be installed to reduce resistance (air 
lubrication), which likely reduce machinery noise radiation as well (decoupling 
the vibrating hull from the surrounding water). Decoupling can also be achieved 
by application of a flexible hull coating, see e.g. [de Jong, 2002]. Such 
decoupling techniques are used on naval vessels (submarines as well as 
surface ships) with stringent acoustic signature requirements. 

• Appendages and openings (sea chests): improper design of appendages and 
hull openings (e.g. for cooling water intake) can lead to local cavitation or flow-
induced noise [Ross, 1976; Blake, 2017]. 

5.5.2 Propellers 
Most ship propulsion systems provide thrust through one or more screw propellers. 
Propeller-induced cavitation is generally considered to be the main source of 
underwater noise of commercial vessels, particularly at higher speeds. All ships in 
the Belgian fleet (Chapter 2) are propeller-driven. 
 
The propeller design [Kuiper, 2010; Carlton, 2012] generally starts with a given hull 
form and a required ship speed. Important goals of the propeller design are 
minimum power (optimum efficiency) and the correct rotation rate of the propeller 
(required by the engine). Propeller cavitation behaviour provides an important 
additional boundary condition, to avoid erosion damage and reduce noise and 
vibrations. Optimum propeller design involves model calculations of the flow around 
the hull and the propeller (computational fluid dynamics; CFD) and in some cases 
also scale model testing, services that are offered by several hydrodynamic 
institutes.  
 
The main factors through which propeller design affects underwater radiated noise 
are: 
• Number of propellers: distribution of the thrust over more than one propeller can 

reduce propeller loading and cavitation. Moreover, the wake flow into the 
propeller can be more uniform if the propellers are placed off the centre line of 
the vessel. 

• Fixed or Controllable pitch: propeller blades can have fixed blade angles (fixed 
pitch) or adjustable blade angles (controllable pitch). Pitch control enables 
adjusting the thrust (and hence ship speed) independent of the rpm. 
Consequently, reducing the speed of a ship equipped with controllable pitch 
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 propellers does not necessarily result in a radiated noise reduction. When the 
shaft speed can be controlled as well, the combination of shaft speed and 
propeller pitch can potentially be optimized with respect to cavitation 
performance and noise. 

• Number of blades, blade area and shape (pitch and skew): no general 
guidelines can be given for these design parameters, since they need to be 
optimized against multiple requirements. However, it is advised to include 
cavitation behaviour and noise control as essential boundary conditions for the 
design process.  

• Hub: hub cavitation (Figure 12) should be avoided as well. Technical solutions, 
such as propeller boss cap fins and cap turbines [IMO MEPC, 2019] could be 
considered. 

• Azimuth thrusters: marine propellers can be placed before or after underwater 
pods that can be rotated to any horizontal angle (azimuth), increasing 
manoeuvrability and making a rudder unnecessary. A (diesel or diesel-electric) 
motor can either be inside the ship and connected to the outboard unit by 
gearing (L- or Z-drive), or the motor may be diesel or diesel-electric. Depending 
on the shaft arrangement, an electric motor is fitted in the pod itself. (‘podded 
propulsion’) This drive type allows for a more uniform inflow into the propeller, 
leading to improved cavitation behaviour, at the cost of a more direct connection 
between the motor and the water, leading to higher machinery noise radiation. 

• Air injection: can be used for either reducing propeller cavitation by air injection 
directly into the cavitating region, or attenuating noise radiation by generating 
an isolating bubble ‘curtain’ around the propeller and its downstream flow 

5.5.3 Alternative propulsion types 
The most effective solution to reduce ship underwater noise is to have the propulsor 
above the water, such as in sailing vessels. Solutions under development for wind 
assistance (wing sail, kite sail and Flettner-rotor concepts), reduce the amount of 
thrust to be generated by the ship’s propeller(s) and hence increasing energy 
efficiency and reducing emissions, see § 4.4.2. This will also likely reduce propeller 
cavitation and underwater radiated noise.  
 
A pump-jet, hydro-jet, or water jet is a ducted propeller (axial-flow pump), or a 
centrifugal or mixed flow pump that produces a jet of water for propulsion. Water 
jets are used on high-speed pleasure craft (such as jet skis and jet boats) and other 
small vessels, on naval vessels (patrol boats, mine hunters, submarines and 
torpedoes) and on high speed ferries. The duct creates a more uniform flow into the 
propeller and shields direct underwater sound radiation from the propeller, which 
leads to lower underwater sound radiation than for an open propeller. On the other 
hand, the pump usually operates at a higher rpm than a propeller, resulting in blade 
rate tones at higher frequencies, and the splash of the water jet, when operated 
above the water surface generates bubbles and broadband underwater noise. 
Limited measurements on water jet propelled vessels, e.g. [Allen et al, 2012], seem 
to be inconclusive. 
 
Some tugboats, drilling vessels, and other watercraft that require good 
manoeuvrability make use of a Voith Schneider propeller, a cyclo-rotor that provides 
instant thrust in any direction, so that the vessel does not need a rudder. This form 
of propulsion is potentially more quiet than standard propellers, but the authors are 
not aware of any data to support this. 
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 5.5.4 Maersk study  
Because there is no regulation on underwater radiated noise reduction for 
commercial ships, this has received limited attention and hence there is very little 
experimental evidence of the effectiveness of underwater noise control measures. 
Therefore, the study carried out by Maersk Line and Scripps Institution of 
Oceanography in 2017 [Gassmann et al, 2017] has received a lot of attention. In 
the years of 2015 and 2016, Maersk retrofitted eleven G-class container vessels to 
improve energy-efficiency. This retrofit included replacing the bulbous bow to 
reduce drag, derating the main engines for slow steaming and installing more 
efficient propellers with propeller boss cap fins to reduce cavitation. Scripps has 
made opportunistic recordings of the underwater noise of five of these vessels 
before and after their retrofit during transits in a shipping lane through the Santa 
Barbara Channel.  
 
The measured reductions of the recorded sound pressure level were limited to a 
median of 0 dB in the low-frequency band (8 - 100 Hz) and a median of 2 dB in the 
higher-frequency band (100 - 1000 Hz). 
 
The low-frequency sound radiation of surface ships is heavily affected by the so-
called Lloyd’s mirror effect, which involves destructive interference between the 
source signal and its reflection from the sea surface. However, the average draft of 
the vessels during the post-retrofit transits was several meters deeper than before. 
Hence, reasoning that less destructive inference was expected due to this greater 
draft, it was concluded from this study that the source level (corrected for Lloyd’s 
mirror) of the five selected vessels was lower post-retrofit by a median of 6 dB in the 
low-frequency band (8 - 100 Hz) and a median of 8 dB in the higher-frequency band 
(100 - 1000 Hz). It was suggested that reductions may result from improved 
propeller cavitation behaviour, due to both the retrofitted propellers with boss cap 
fins, and due to propeller operation at greater depth where ambient pressure is 
higher. In the ECHO vessel noise correlation study report [MacGillivray et al, 2020] 
it was concluded that the deeper drafts were indeed associated with higher noise 
emissions. The greatest influence of draft was above 1000 Hz, where cavitation 
dominates the noise spectrum. However, [MacGillivray et al, 2020] also mention the 
competing influences of draft on acoustic mechanisms. The efficiency of sound 
radiation increases with increasing draft, due to reduced Lloyd’s mirror interference 
and the increased hull area in contact with the water. Propeller cavitation may 
increase with increasing draft, due to increased hull resistance, but the increasing 
depth of the propeller with increasing draft may lead to cavitation reduction.  

5.5.5 Machinery 
Propulsion engines are an unavoidable source of underwater noise radiation for 
ships (except when wind-driven). The main types of propulsion systems currently in 
the Belgian fleet are slow speed (2-stroke) diesel engines, medium and high speed 
(4-stroke) diesel engines, steam turbines and diesel-electric systems. 
 
The technology required to reduce machinery noise is well-established. The main 
noise-control measures are (see Figure 14): 
• installation of low-noise machinery 
• installing machines on resilient mountings, or on resiliently mounted deck 

structures, to reduce the transmission of structure-borne noise; 
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 • resilient suspension of pipes, cables etc. and the installation of flexible shaft 
couplings and bellows, again to reduce the transmission of structure-borne 
noise; 

• installing machines in enclosures, to reduce the transmission of air-borne noise; 
• using damping and absorbing layers on surfaces to reduce the transmission of 

structure-borne noise and airborne noise. 
 

 
Figure 14 An example of the various (airborne noise and structure-borne) transmission paths for 

noise produced by machines: 1. Transmission through the resilient mountings; 
2. Transmission through the cooling water connection, wiring etc.; 3. Transmission 
through the shaft coupling (flexible or otherwise) etc.; 4. Transmission through the 
attachments for the exhaust pipes (flexible or otherwise); 5. Radiated airborne noise; 
6. Airborne noise transmission via the cavity below the engine. 

An important requirement for effective resilient mounting is that the structures on 
both sides of the mount (machine foundations and feet) are designed to be highly 
resistant to vibration (have a high 'mechanical impedance').  
The vast majority of commercial vessels is driven by 2-stroke engines. Due to their 
large weight and power 2-stroke engines need to be rigidly mounted. Medium- and 
high-speed 4-stroke diesel engines can be mounted elastically, but these usually 
require a gearbox which may require specific measures for the reduction of tonal 
sound. Steam turbines generate very low structure borne noise levels and with their 
high revolution rates they can be better isolated than diesel engines. Diesel-electric 
propulsion systems are typically used for vessels with strict requirements for on 
board noise and vibration and UW radiated noise, e.g. cruise ships and research 
vessels [AQUO-SONIC, 2015].  
 
Summarizing: effective machinery control solutions are available, but must be 
designed and implemented on a case-by-case basis, because noise transmission 
depends on detailed design of machines and their mounting system. Developing 
and implementing noise control solutions is most cost-effective when performed 
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 during the vessel’s design stage. Retrofitting treatments always leads to additional 
costs, and some treatment approaches may not be possible because of space or 
other design restrictions [Spence & Fisher, 2017]. 

5.6 Noise mitigation in ship operation 

Maintenance 
Regular hull and propeller maintenance for improved fuel efficiency will implicitly 
reduce underwater radiated noise, since by decreasing the frictional resistance of 
hull and/or propeller the same vessel speed can be maintained with less propulsion 
power [AQUO-SONIC, 2015]. 
 
Operational and logistic measures 
Furthermore, operational and logistic measures aimed at emission reduction 
through speed control, such as ‘slow steaming’ (§ 4.5.1) and ‘just-in-time sailing’ 
(§ 4.5.3) will also contribute to underwater noise reduction.  
 
The ECHO programme (§ 5.3.6) carried out a first large scale study of the effects of 
‘slow steaming’, which indicates that it can be effective for reducing shipping noise. 
Quoting from [MacGillivray et al, 2019]: 
During 2017, the Vancouver Fraser Port Authority’s Enhancing Cetacean Habitat 
and Observation (ECHO) program carried out a two-month voluntary vessel 
slowdown trial to determine whether slowing to 11 knots was an effective method 
for reducing underwater radiated vessel noise... The trial was carried out in Haro 
Strait, British Columbia, in critical habitat of endangered southern resident killer 
whales. Comparing measurements of vessels participating in the trial with 
measurements from control periods before and after the trial showed that slowing 
down was an effective method for reducing mean broadband SLs for five categories 
of piloted commercial vessels: containerships (11.5 dB), cruise vessels (10.5 dB), 
vehicle carriers (9.3 dB), tankers (6.1 dB), and bulkers (5.9 dB). 
 
Monitoring tools 
Application of monitoring tools, as suggested for emission control (§ 4.5.2), and 
systems for real-time control of noise radiation could also offer an interesting 
solution, but these require further technical development [AQUO-SONIC, 2015]. 
Suggestions are: 
• simultaneous control of engine rpm and propeller pitch, for optimum cavitation 

performance; 
• propeller-induced cavitation monitoring systems, to guide selecting the optimum 

speed 
• trim optimisation systems to reduce the required propulsion power. 
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 6 Conclusion 

6.1 Introduction 

In this study, we investigate the options for reducing greenhouse gas (GHG) and 
pollutant emissions as well as underwater noise from commercial shipping, with a 
focus on the Belgian fleet.  

6.2 Belgian fleet 

In a survey (Chapter 2) of the Belgian fleet (452 ships) it was observed that 
dredgers form the largest group (24%), followed by crude oil tankers (17%). The 
largest size vessels are in this second group. 
 
All vessels produce GHG and pollutant emissions as well as underwater radiated 
noise. Global analysis of the emissions of the Belgian shipping fleet indicates that 
the crude oil tankers are responsible for 33 to 38% of the total annual emission of 
CO2, NOx, SOx and PM of the Belgian fleet. Bulk carriers and LPG vessels follow 
with a contribution of 12 to 14% each.  
 
In a follow-up study, the contribution of the underwater radiated noise of the 
different ship types to the underwater sound scape will be studied by means of 
modelled sound maps. In this report, a first tentative comparison of the contributions 
of the different ship types in the Belgian fleet was made by estimating their total 
underwater radiated noise power when sailing at design speed. This preliminary 
analysis suggests that the crude oil tankers potentially have the largest contribution 
to underwater radiated noise (42%), followed by the dredgers (16%), bulk carriers 
(11%) and container ships (10%). The model used for this analysis tentatively 
assumes that propeller-induced cavitation noise is the dominant noise source. Due 
to a lack of attention to underwater radiated noise in design and operation, details 
about the relative contributions of propeller and machinery to the underwater 
radiated noise of individual vessels are generally unknown. 

6.3 Emission reduction 

Chapter 4 provides an overview of the various options for emission reduction.  
Measures can be taken in several areas: 
• Alternative energy carriers and power generation 

− Powertrains and alternative energy carriers go hand in hand. ZEV options are 
in development for maritime shipping. Studies show that for a wide variety of 
ship types, the use of biofuel ICE and Ammonia and H2 in either ICE or FC 
have chances of success regarding economic profitability. Technologies 
including a significant size battery is much less favourable for the foreseeable 
future. 

− The applicability of different alternative energy carrier options will not be 
uniform for the Belgian fleet. Applicability depends on both technical 
conditions (such as ship and engine size) and ship operations (days at sea, 
sailing routes, average speed). 

− Switch to alternative energy carriers also opens up potential to reduce 
pollutant emissions such as NOx, SOx, and PM. On the other hand, an 
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 alternative energy carrier can also create new emissions, for instance 
ammonia slip when using ammonia. This needs careful examination. 

• Energy efficiency and aftertreatment 
− Improved energy efficiency is possible by reducing the friction of a vessel by 

applying solutions such as low-friction coating or by applying economies of 
scale.  

− Propulsion Improvement Devices (PID) can improve the flow around the hull 
or propeller and thus reduce fuel consumption. Propulsion can furthermore 
be assisted by innovations such as wind assist. 

− Emission control and aftertreatment such as scrubbers can reduce emissions 
of air pollutants  

• Operations and logistics 
− Slow steaming is a common operating measure in shipping as a way to lower 

operating expenditures. The economic viability of slow steaming depends 
greatly on the market circumstances. 

− Monitoring tools can provide information on the functionality of the ship 
systems. By combining this information with route optimization software 
additional benefits can be reached by optimising ship speed and power 
usage. 

− Combining vessel data with availability schedules of port infrastructure can 
provide input for just-in-time sailing, avoiding waiting times in the port area 
and optimising fuel consumption. 

6.4 Underwater radiated noise reduction 

Chapter 5 provides an overview of the various options for underwater radiated noise 
reduction. Propeller-induced cavitation noise and propulsion engine machinery 
noise are generally the main sources of underwater radiated noise. Noise reduction 
can be achieved in design and operation of ships, as suggested in published 
general guidelines for noise reduction, such as [IMO MEPC, 2014; AQUO-SONIC, 
2015]. 
 
Because of the large variety of ship designs within each ship type class, underwater 
noise reduction in the design stage must be done on a case-by-case basis. 
Developing and implementing noise control solutions is most cost effective and 
acoustically effective when performed during the vessel’s design stage. Retrofitting 
vessels for reduced underwater noise is generally costly and not always possible. 
An important step towards achieving reduced underwater noise radiation from 
commercial vessels would be to set acoustic goals in the design stage of new 
vessels. Though presently there are no underwater noise goals set by regulatory 
bodies, classification societies already offer voluntary notations for commercial 
vessels that have mitigated underwater noise. Harmonization of the different quiet 
vessel certification approaches [Hannay et al, 2019] might facilitate a broader 
implementation of these notations. 
 
Vessel speed control appears to offer a feasible operational measure for 
underwater noise reduction though, similar to noise control measures in ship 
design, there is no single solution that fits all ships. The optimum speed with 
respect to underwater radiated noise depends on the design of the ship’s 
propulsion system and the possibilities to control this, via shaft rate and propeller 
pitch, which may vary significantly between ships. 
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Though more and more evidence of the effects of shipping noise on marine life is 
emerging [Rolland et al, 2012; Erbe et al, 2016; Kunc et al, 2016; Weilgart, 2018; 
Erbe et al, 2019], there are still significant knowledge gaps. More research is 
required toward better understanding of underwater sound generation from shipping 
and ways to manage and reduce resulting impacts on marine life.  

6.5 Potential co-benefits of measures for reducing underwater radiated noise for 
energy efficiency and emission reduction 

Ideally, measures taken to reduce emissions would also reduce underwater 
radiated noise of ships, but the link between the two has not yet been conclusively 
demonstrated, see for example Table 4. 

Table 4 Conclusions from the ECHO Vessel Noise Correlations Study [MacGillivray et al, 
2020] concerning the correlation of greenhouse gas and underwater sound emissions. 

• “Greenhouse gas emissions exhibited a weak negative trend with underwater 
radiated noise for the Containers and Vehicle Carriers group in the 10–100 
Hz and 100–1000 Hz bands. This means that for these vessel categories, 
vessels with a higher intensity of CO2 emissions were slightly quieter. 

• Greenhouse gas emissions exhibited a weak positive trend with underwater 
radiated noise for the Bulkers and Tankers category in the 100–1000 Hz and 
1000–10000 Hz bands. This means that for these categories, vessels with 
higher CO2 emissions intensity also had slightly higher underwater noise. 
Greenhouse gas emissions exhibited a weak negative trend with underwater 
radiated noise for the Containers and Vehicle Carriers group in the 10–100 
Hz and 100–1000 Hz bands. This means that for these vessel categories, 
vessels with a higher intensity of CO2 emissions were slightly quieter. 

• When investigating CO2 emissions against noise emissions using the EVDI 
ranking, the containers and vehicle carriers with a higher intensity of CO2 
emissions were slightly quieter, whereas for the bulkers and tankers category 
vessels with higher CO2 emissions intensity also had slightly higher 
underwater noise. … In both instances, these trends were relatively weak, 
and do not indicate a conclusive correlation between EVDI and underwater 
noise emissions.” 

 
In general, all measures taken to reduce propulsion power and propeller thrust 
loading are beneficial for energy efficiency, emission reduction and underwater 
radiated noise reduction. Hence, wind assistance and optimized hull design and 
regular maintenance, aimed at reducing hull resistance, are all effective measures 
for reduced emissions and noise. 
 
Design measures to reduce propeller cavitation will be effective for underwater 
radiated noise reduction. In particular, the hull and propeller need to be designed 
together, as a unit, such that a uniform wake field is created to reduce propeller 
cavitation. To some extent these will also increase energy efficiency, and reduce 
emissions. However, propeller designs optimized for cavitation reduction, as applied 
in naval and research vessels with stringent underwater noise limits, are generally 
not the most energy efficient. 
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 Speed limits (‘slow steaming’) have a potential to be effective to control shipping 
underwater noise as well as energy efficiency and emission reduction, but different 
ship types have different optimum speeds and not all ship types can slow down to 
the same extent. Part 2 of this study (de Jong and Hulskotte, 2020) will further 
investigate the effectiveness of a slow steaming scenario by means of numerical 
simulations of commercial shipping at the North Sea. 
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A Belgian fleet data 

Table A.1 Overview of the database parameters provided from a database search for ships of 
Belgian owners by Clarkson Research Services Limited. 

IMO Number 
MMSI (Maritime Mobile Service Identity) 
Name 
Owner 
Group Owner 
Owner Nationality/Region 
Flag State 
Classification Society 
type 
year built 
GT 
Dwt 
NT 
TEU 
Service Speed (knots) 
Engine Derived Total Main Engine Mechanical kW 
Engine Derived Total Mechanical Propulsion (kW) 
Main Consumption at Service Speed (tpd) 
Power Type 
Main Engine Model 
Main Engine Model Series 
Main Engine Model Designer 
Main Engine Model Designer group 
Main Engine Fuel Type 
Main Engine 1 Major Designer Company 
Main Engine 1 Manufacturer Company 
Main Engine 1 Model 
Main Engine 1 Equipment Type 
Main Engine 1 Rpm 
Main Bunker Capacity (m3) 
Main Bunker Fuel Type 
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Table A.2 Main characteristics of Belgian ships per ship type, with propulsion types D2S = Diesel 2-stroke, D4S = 
Diesel 4-stroke, DE = Diesel-Electric, ST = steam turbine and NP = non-propelled 

Type nr Design speed  
(kn) 

Gross tonnage 
GT 

Length 
(m) 

propulsion 

total 452 min avg max min avg max min avg max  
Container ships 23 17.5 22.0 25.0 6,910 34,073 58,289 114 212 267 22 D2S, 1 D4S 
General Cargo 10 8.0 10.4 12.0 141 878 2,061 24 46 70 2 D2S, 8 D4S 
Bulkers 61 12.0 14.6 16.1 13,691 63,483 108,130 150 268 342 60 D2S,1 D4S 
Reefers 5 21.5 22.7 23.0 14,061 14,061 14,061 151 151 151 5 D2S 
Multi-Purpose  3 10.5 11.5 12.5 2,061 2,503 2,999 70 76 82 3 D4S 
Roll-on/roll-off  28 15.5 18.2 21.7 11,854 32,743 74,273 141 206 294 7 D2S, 21 D4S 
Crude Tankers 73 14.5 15.6 16.5 60,178 128,880 234,006 271 362 466 73 D2S 
Chemical Tankers 7 14.8 15.0 15.5 7,776 14,882 19,968 119 153 174 6 D2S, 1 D4S 
Product Tankers 12 11.0 13.5 15.1 400 21,944 94,729 36 145 324 5 D2S, 7 D4S 
LNG 5 19.1 19.2 19.5 93,719 96,902 102,777 323 327 335 5 ST 
LPG 33 13.6 15.4 17.4 3,419 20,330 47,306 86 164 246 32 D2S, 1 D4S 
Oth Non Cargo 24 8.0 11.5 18.0 106 439 2,462 21 35 75 19 D4S, 5 DE 
Tugs 33 9.2 12.6 25.4 106 328 578 21 33 42 3 D2S, 30 D4S 
Dredgers 110 7.0 13.1 18.5 110 7,556 46,373 22 101 244 2 D2S, 54 D4S 

32 DE, 22 NP 
Offshore 25 8.0 13.0 17.0 106 25,628 236,638 21 114 468 2 D2S, 15 D4S 

5 DE, 3 NP 
 
• Length between particulars (Lpp) was not provided in the database search. 

Therefore, length was estimated from the gross tonnage based on the general 
regression formula 𝐿𝐿 ≈ (20 × GT)0.4 (fitted to a subset of the data for which the 
length could be retrieved from AIS records). 

• ‘Non-propelled’ (NP) vessels in the database are typically backhoe or cutter 
dredger platforms and floating storage, production and offloading (FSPO) 
platforms for offshore oil extraction. These rely on tugs for transit between 
locations.  
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B Plan voor duurzame scheepvaart 
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