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Abstract

The shipping industry is responsible for almost 3% of the world’s greenhouse gas emissions and is looking for
possibilities to reduce their share. The demand for lowering the emissions of the maritime industry creates
the need for insight in the emissions. Currently a generic method to specify emissions in space and time, as a
function of vessel and waterway properties is not available.

Although most of the emissions of vessels take place at sea, the most noticeable part takes place in ports
since they are located close to urbanized areas. Therefore, this research focuses specifically on emissions in
ports. The study investigates the impact of sea-going vessels. By gaining insight in the emissions of sea-going
vessels, the big polluters can be tackled. Due to the scope of the research, not all vessel types and emission
types are taken into account. Ten vessel types are selected and only CO,, NOx, SOx and PM;j, emissions
are estimated. These are the most relevant polluters in the shipping industry since they cause health and
environmental related issues, both locally as more widely.

To provide insight in the emissions, the objective of this study is to develop a generalized method to calculate
and map the emission of a single vessel in space and time in ports based on reliable data. To reduce these
emissions, emission reduction strategies have to be drawn up, targeting the largest emission sources and the
most crucial locations. Therefore, the developed method must not only quantify the emission sources, but
must also provide insight in emission patterns in ports and indicate emission hotspots.

A bottom-up method is developed to estimate the emission of a single vessel in space and time. To derive
the emission rate of a vessel, the fuel and energy consumption of the vessel is multiplied by a vessel-specific
emission factor. The CO, and SOx emissions follow a fuel-based approach, in which the emissions produced
are directly proportional to the fuel consumption and therefore depend on the engine load. The energy-
based approach is used for estimating NOx and P M) emissions, which can not be directly related to the fuel
consumption but depend on engine characteristics. The fuel consumption is determined by multiplying the
energy consumption of the engine with a fuel consumption factor specific to each vessel, meaning the fuel
consumption is related to the energy consumption.

The amount of energy the main engines of a vessel consume, is the energy needed to overcome the resistance
a ship experiences from sailing through the water and is therefore related to the vessel’s speed. This speed is
derived from AIS data. AIS data represents real-life vessel tracking data and is gathered automatically, which
makes it a reliable and realistic data source. It also provides the ability to make the emission estimations time
dependent. Due to the global coverage, AIS data is a good data source to develop a generic method applicable
to ports all around the world.

However, in ports the vessel’s speed alone is not a good indicator of the energy consumption, since this ne-
glects the amount of energy the auxiliary engines consume. Their energy consumption is dependent on how
much energy the electrical systems of a vessel require at that moment, which can be high when a vessel is
for example at berth or manoeuvring. The energy consumption is therefore related to the operations a vessel
performs. This leads to an approach which takes into account the vessel’s resistance and operational modes.

Four operational modes are important to distinguish in ports: ’sailing’, ‘'manoeuvring’, ’anchoring’ and 'berthing’.
According to the operational mode, the main engine power is either estimated with the resistance calculation
from Holtrop and Mennen (1982) when the vessel is sailing or manoeuvring, or assumed zero when laying still

at anchor or berth. According to the operational mode, the auxiliary engine power can be derived from val-
ues of the International Maritime Organization (2021) research. Depending on the emission type and vessel
characteristics, the emission factor is determined.

The algorithm to determine the emission of a single vessel in space and time is implemented in a model.
The model’s input consists of Automatic Identification System (AIS) data providing the speed and position of
the vessel, a vessel database containing vessel characteristics based on information from the Sea-web Ships
database, and a Fairway Information System (FIS) graph of the port network. This graph contains the fairway
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characteristics needed to calculate the resistance. The calculated emissions will also be displayed on the FIS
graph for a detailed insight in the emission distribution in space.

The model provides an insight in the emissions patterns in a port. The fairway sections which are subjected
to high emissions can be identified immediately and so the emission hotspots are determined. The source of
the emissions can be identified by down-drilling of the emissions. The model can drill down to vessel types,
operational modes and all the way down to a single vessel in space and time.

The model is illustrated by means of two case studies concerning the Port of Rotterdam and the Port of
Constanta. These case studies indicate that the port basins hosting the largest vessels have the highest es-
timated emissions. These basins are indicated as an emission hotspot by the model when the emissions are
projected on the FIS graph. In ports generally, high emissions are observed at places with a high traffic inten-
sity, such as the port entrance. Junctions of fairway sections or port basin entrances also show locally higher
emissions. The rise in emissions, is probably due to the fact that vessels are slowing down when approaching
ajunction. This increases the emission rate of a vessel due to more inefficient engine use, but also since they
spend a larger amount of time at this fairway section.

By indicating the location and source of the emission hotspots, targeted emission reduction measures can
be taken. Three of these measures are demonstrated on one of the case studies. The first strategy concerns
installing shore power. The model is able to simulate vessels connected to shore power, by setting their emis-
sion rate at berth to zero. This simulation is compared to the original situation without using shore power.
Out of the evaluated reduction measures, this seems the best strategy to reduce emissions since it shows the
largest reduction of the total emissions. Besides that, it is an effective measure especially for ports, since
the largest emissions reduction takes place at berth. The second evaluated strategy shows also good results
and is about switching from a normal tugboat fleet to a zero-emission tugboat fleet. The model simulates
this switch by eliminating all the tugboats from the fleet since their emissions will be zero. This new case is
compared to the original situation with normal tugboats. The third option to reduce emissions is applying
Emission Control Area (ECA) limits which do not seem to have a lot of effect on reducing emissions except for
the SOy emissions. This is derived from comparing the original situation without ECA limits, to a new case
study where a situation with ECA limits is simulated. This means that the fuel types of the vessels are changed
from the most economical fuel type to the lightest fuel type on board and that the sulphur content in the fuel
is altered.

However, the model has some limitations. The method does not take into account the effect of currents or
variations in time of the water depth. The accuracy of the resistance calculation can be improved by adding
these. Furthermore, the emission pattern of tugboats needs further examination as it could not be demon-
strated that the split of emissions into operational modes is correctly. The research has also shown that the
method to estimate the energy consumption is not suitable for tankers at berth, since their energy consump-
tion pattern is different. The quantity of emissions in the case study of the Port of Rotterdam is far from
the expected amount of emissions. The quantification of emissions is assumed to be unreliable and further
research should focus on validating these results.

Concluding, the developed model makes use of AIS data, local waterway properties, empirical emission fac-
tors and operational modes. This data is used in a physics-based method to estimate the resistance and the
energy consumption. If this information is available, all this combined makes the approach in principle ap-
plicable to any port. The developed model provides an insight in the emission distribution patterns and pro-
vides the ability for down-drilling to find the source of the emission hotspots. A targeted emission reduction
strategy can be proposed as a result of this and the model has the ability to evaluate specific emission reduc-
tion strategies. The strategies can be simulated with the developed model and the effect of these measures
can be quantified by comparing the emission reduction strategy to a situation without these measures.
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Introduction

Nowadays, we are all working towards a more sustainable world. Climate change is a worldwide problem of
which global warming is one of the most well-known aspects. For many, the greenhouse effect is a familiar
topic: greenhouse gasses trapped close to the earth’s surface like a blanket to keep the earth temperature
stable. Humankind has been interfering with the natural process by using fossil fuels which (mainly) produce
carbon dioxide (CO,), the greenhouse gas which is the largest driver of global warming. The carbon dioxide
level is rising throughout the years and this rise must be brought to a standstill to reduce the rate at which
global warming is taking place. For this reason, in 2015 the Paris agreement is set up by the United Nations
Framework Convention on Climate Change (UNFCCC). This is a global and legally binding agreement to limit
global warming to a maximum of two degrees Celsius in the upcoming century.

In 2018, the largest producer of CO, emissions was the energy sector (76%), and within that energy sector
"Transportation’ was the second largest contributor of emissions after 'Heat and Electricity’ (Ge et al., 2020).
Even though emissions from road transport take up the largest share, the shipping sector still has a consider-
able share in the world’s greenhouse gas emissions of almost 3%. But, where other sectors took action earlier
on, the share of emissions of the maritime sector is still growing (International Maritime Organization, 2021).
This means the shipping industry has a significant impact on the environment and therefore it is important
to gain insight in the emissions this industry produces.

1.1. Background on shipping in ports

1.1.1. Emissions from the shipping sector

As for all other transport sectors, measures and goals are set up specifically for the maritime sector. During
the latest gathering of the United Nations in 2021 in Glasgow, the COP26 (26th Conference of the Parties),
some takeaways of the strategy were stated:

1. Zero emissions by 2050
The previous standards stated a 50% reduction compared to 2008 values for 2050. During the COP26 a
tighter standard was determined, aiming towards zero greenhouse gas emissions by 2050.

2. The future of fuels
The takeaway from this topic is to accelerate the phase-down of coal power and inefficient fossil fuel
subsides. Over 100 countries also announced to cut the emissions of methane by 2030, which will
impact the LNG sector. Alternative energy sources must be used such as hydrogen, batteries, wind and
methanol. Over 20 countries pledged to create emission-free corridors to accelerate the development
of alternative energy sources.

3. Supporting seafarers
To guide seafarers throughout the energy transition the 'Just Transition Maritime Task Force’ was set
up. The taskforce represents shipowners, seafarers, port workers and other important organisations
like the International Labour Organization (ILO) and the International Maritime Organisation (IMO).

4. Financing the transition
Startups about innovative technology must possess the financial resources to grow. The Poseidon Prin-
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ciples, developed by a number of banks, provide a framework for financing alternative solutions for a
green industry.

The IMO is the United Nations’ specialized agency responsible for the safety and security of shipping and the
reduction of emissions from ships. Therefore they are one of the leading parties in guiding the process to live
up to the emission reduction targets. To provide guidelines, the IMO has developed a global ‘Greenhouse Gas
strategy’. Although the IMO leads the global strategy to reduce emissions, the European Union has also set
up guidelines to speed up the process. This includes monitoring, reporting and verification of CO, emissions
from large ships using EU ports and again greenhouse gas reduction targets.

Measures to achieve the goal of a climate neutral industry by 2050, are mostly focused on reducing CO, emis-
sions. However other environmental polluters are also of importance and the pressure to reduce these is also
growing. When looking into shipping emissions the most frequently occurring pollutants are: PM, 5, P My,
COy, NOy, SOy, CO, metals and black carbon (Merk, 2014; Olmer et al., 2017; International Maritime Orga-
nization, 2021). Due to the scope of this research, not all emissions are taken into account but (besides CO)
the focus will be on nitrogen oxides (NO,), sulfur dioxides (SO,) and particulate matter (P M) since these
are the most relevant polluters in the shipping industry. Of the total global SO, and NO, emissions, 5-10%
and 17-31% respectively come from shipping, for P M this is around 2.3%. All three can have harmful effects
on the environment and on human health, and ports are the places where the impact of these emissions is
most noticeable (Merk, 2014). For this reason, stricter regulations in ports around these emissions are being
drawn up. The two most concrete ways in which these polluters are regulated are the "IMO 2020" rule and
the so-called engine certificate. The new “IMO 2020” rule limits the sulphur in the fuel oil used on board
ships to 0.50% m/m (previous limit of 3.5%), and within defined Emission Control Areas (ECAs) the limits are
even stricter (0.10%). This rule is used to limit the SO, and the particulate matter emissions (International
Maritime Organization, 2019b). The nitrogen oxides level is regulated through an Engine International Air
Pollution Prevention Certificate, which has different levels (Tiers) of control based on the ship construction
date. Within those Tiers a limit value is determined from the engine’s rated speed. All marine diesel en-
gines installed on ships must have this Tier I, II or III certificate. The regulations mentioned here are applied
globally, but many more measures have been taken on a smaller scale (International Maritime Organization,
2019a).

To achieve all the previously named goals, it is important to gain insight in emissions of ships. To support a
strategy to reduce the emissions it is key to know who are the largest polluters, what are their emissions pat-
terns and types and where do the emissions occur exactly. Therefore, this research focuses on the emissions
of a single vessel in time and space. By doing this the emission-’bottlenecks’ can be identified and the impact
of certain reduction measures can be identified in a more detailed manner. We expect to provide new insights
for working together towards a more sustainable marine industry.

1.1.2. Ports

Although most of the emissions of vessels take place at sea, the most noticeable part takes place in ports.
Ports are places where many vessels come together, which creates a sort of 'emissions hotspot’. This hotspot
is located close to urbanized areas, since most ports are connected to cities. This makes ports interesting
fields of study and also the focus of this research.

Research shows that shipping emissions in ports are approximately ten times larger than the emissions com-
ing from port activities on land (Winnes et al., 2015). Several studies have tried to identify the air pollution-
related health effects coming from shipping in ports. Most studies show worrying results stating air pollution
from international shipping causes 50,000 to 60,000 premature deaths per year, with most deaths occurring
near coastlines in Europe, East Asia, and South Asia (Corbett et al., 2007). Emissions in ports therefore have
a large impact on the environment and on the health of the population. The emission types responsible and
the way in which they are responsible for these health problems will be explained in Section 2.3.1.

Another important aspect of emissions in ports is that vessels in ports perform various operations besides the
actual sailing, for example manoeuvring. These operations have an influence on whether the main engine is
running in its most efficient design operating range. If the engine is operating outside this range, the engine
system is not performing in optimal conditions, thus causing higher emission rates. In this research four main
operations are distinguished in ports: sailing, manoeuvring, berthing and anchoring, which will be explained
in Section 2.2.2. In this research, these operations will be referred to as 'operational modes’. The operational
modes have a large influence on the power consumption and emission distribution of the vessel.
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Nowadays, ports base their emission reduction strategies on generalized emissions patterns. Currently, four
main indices are widely used to reduce air pollution in port areas: the Environmental Ship Index (ESI), the
Green Award, Clean Shipping Index (CSI) and the GHG Emissions Rating of RightShip. For example, the Port
of Rotterdam bases the port tariff for vessels on their ESI score and Green Award certificate. Besides ship
safety, these indexes look at their ship efficiency and CO;, NOy, SO, and PM emissions. These emissions
are based on the engine characteristics of the vessel (International Transport Forum, 2018). This leads to a
general emission profile, which is a good estimation for when a vessel is for example sailing at sea. However,
the emission profile is different when a vessel is sailing inside a port area (think of the operational modes). It
would be of added value to be able to develop new port-specific indices based on emission patterns specifi-
cally inside ports. This is however not yet possible since methods to obtain a detailed breakdown of emission
patterns in portsis lacking. Insight in these distribution patterns is of great value in order to reduce emissions.

1.1.3. Sea-going vessels

This research will focus on estimating the impact of sea-going vessels in ports. In absolute sense, sea-going
vessels typically emit more per vessel than for example inland vessels or service vessels, since they are larger
and therefore have more powerful engines installed. Therefore, by gaining insight in the emissions of sea-
going vessels, the big polluters can be tackled.

When looking into the emissions on Dutch territorial waters, approximately 70% of the emissions from ship-
ping comes from sea-going shipping and only 30% from inland shipping, see Figure 1.1. For other ports
around the world, the sea-going share of emissions is presumably even higher. The estimated spread be-
tween sea-going shipping and inland shipping in the Netherlands is somewhat conservative when compared
to other countries since the Netherlands hold a very large market share of inland waterway transport (the
Netherlands makes up approximately 35% of the global inland waterway transport market (Kriedel et al.,

2021)).
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1.2. Research gap

The demand for lowering the emissions of the maritime industry creates the need for insight in the emis-
sions of vessels in ports. To lower the emissions, it is important to identify the components which have the
largest impact. So not only the total emissions in a port are of importance, but also a detailed insight in the
distribution of the emissions is needed. Therefore, this research focuses on developing a method to estimate
the emissions of a single vessel in space and time. This will provide the ability to down-drill the total emis-
sions completely to identify the emission hotspots and the emission sources which have the largest impact.
When these are identified, emission reduction strategies can be drawn up. It would be of added value if these
emission reduction strategies can be evaluated with the developed model as well.

Several studies have been performed around this subject. When looking into previous research, typically two
types of methods are used to estimate emissions from vessels: a bottom-up approach and a top-down ap-
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proach. A top-down approach means that the total emissions are calculated without considering the vessels’
characteristics, and subsequently the emissions are assigned to a specific ship or group of ships. Most of the
time this means that fleet or vessel types-based assumptions are made in their methods. Researches based on
a top-down method are for example Corbett and Fischbeck (1997); Corbett et al. (1999); Skjalsvik et al. (2000);
Endresen et al. (2007). These methods base their calculation on maritime fuel sales, which makes it hard to
break the emissions down into specific locations and the outcome is not as accurate as bottom-up methods.
Top-down studies provide a good first quantification of the total emissions on national or global level.

A bottom-up approach works the other way around: the emission of a ship at a specific location is estimated
and the emissions of all vessels summed up gives the total emissions. This type of approach requires a lot
of data about vessel characteristics and geographical information of the study area, which has become more
widely available in recent years. This enables more detailed approaches with the possibility to evaluate emis-
sions on a smaller scale, for example in a port (Miola and Ciuffo, 2011). Another advantage of this type of
approach is that local real-time data can be used, which makes it possible to evaluate emissions in space and
time. A bottom-up approach therefore aligns better with the goal of this research.

The leading and one of the most detailed bottom-up method to estimate emissions from shipping is the one
from International Maritime Organization (2021) and the results derived with this method are considered to
be a ’consensus estimate’ (Miola and Ciuffo, 2011; Moreno-Gutiérrez et al., 2015). However, this research is
not specifically focused on ports. It provides a more generalized method, estimating emissions of the whole
route of a vessel (also at sea and in inland waterways). This makes the approach not directly applicable for
ports, since different operations are performed in ports which are not of large influence on the total route of
the vessel but are of great influence on the emissions in a port. Besides that, the research of the IMO does
not take in the fairway network, leading to room for improvement as well. It makes it harder to evaluate the
distribution of the emissions over space and to indicate the exact hotspots. Additionally, the emissions can
be estimated more accurately when taking in external influences on the vessel from the fairway.

Segers (2020) has developed a model to estimate shipping emissions of a single vessel as well, however, it
is built around inland navigation considering different fleet characteristics than the ocean-going vessels in
ports. Another important note when comparing the inland navigation model to models applicable for ports,
is that the operations performed in ports are more complex. Vessels can no longer be categorized as sailing
or laying still (as done in this research), but in ports manoeuvre actions also play an important role.

Another problem with applying generalized methods to ports, is that some methods (for example the one
from Olmer et al. (2017) from the International Council on Clean Transportation (ICCT)) use data which only
covers vessel types larger than a specific tonnage. Most of the time this means they exclude tugboats. This
might not be of great influence when investigating sea areas, but in port areas they are likely to contribute
considerably to the emission profile. The share of CO, emission of tugboats in ports varies from 7% to 22 %
of the total CO, emission in the port (Khan et al., 2008; Leong et al., 2015). Excluding tugboats can therefore
be a great unreliability when researching emissions in ports.

Some research does focus on ports specifically. Here, the problem is that many methods are mostly country-
specific or focus on one specific port. For example, the research of MARIN covers only Dutch ports (Kauffman
and Hulskotte, 2021), and the reports like the 'Port of London Emissions Inventory’ (Williamson et al., 2016),
‘Port of Los Angeles inventory of air emissions’ (Starcrest consulting group LLC, 2020a) and many others,
cover just one specific port. In their research method assumptions are made, based on specific conditions
applying at that exact location and/or data sets are used only available at this location. For example the
research of Starcrest consulting group LLC (2020a) uses auxiliary engine data from the tankers and cruise
vessels which visited the port of Los Angeles in 2020. This makes their applied methods not generic for ports
around the world. This is inconvenient if ports around the world need to be compared to each other and
makes evaluating ports by for example international companies and institutions very labour intensive.

None of the previously named research has the ability to evaluate emission reduction measures, although
they are very important for the ultimate goal of reducing emissions. If the developed method can identify
emission hotspots and can identify the components which have the largest impact, more targeted emission
reduction measures can be drawn up. It would be an addition to previous research, it the developed method
can provide insight in the effect of these measures on the emission distribution in ports in space and time.

In summary, it is of increasing value to develop a generalized method to estimate and map the emissions
of a single vessel in space and time in ports. Parts of the research are in existing methods, but they are not
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integrated into one general method to estimate emissions in ports all over the world.

1.3. Research objective and scope

This study will focus on developing a bottom-up method to estimate the emission of a single vessel in time
and space. In this way the total emission of ships in a specific port can be estimated, and these emissions
can also be drilled down into components, making it possible to investigate the impact of a specific vessel or
vessel type, and the influence of time and space.

The developed model will assign an emission distribution to an individual vessel and the model must be able
to differentiate between ship types and individual vessels, as well as between port-specific operational modes
to describe the emission pattern of a single vessel more accurately.

To make it possible to break down the emission distribution of a vessel in space and time, this research will
be based on Automatic Identification System (AIS) data. AIS was in first instance developed for maritime
authorities to track and monitor vessel movements. Nowadays it is a widely used automatic tracking system
providing detailed information on vessel properties and vessel locations. AIS data represents real-life data
and is gathered automatically, which makes it a reliable and realistic data source. This provides also the
ability to make the emission estimations time dependent. Due to the global coverage, AIS data is a good
data source to develop a generic method applicable to ports all around the world. More information on AIS
data is provided in Section 4.1.1. Besides AIS data, the input will consist of a Fairway Information System
(FIS) containing characteristics of the waterways, which are necessary to estimate the emissions. To map
the estimated emissions, the results will be projected on the FIS graph. This makes it possible to single out
fairway components and to compare port areas and fairway channels with each other. More information on
the FIS is provided in Section 4.1.2.

The goal is to establish a model which can be applied to all ports around the world. To illustrate this, two
case studies will be discussed: one on the Port of Rotterdam located in the Netherlands and one on the Port
of Constanta located in Romania. Two very different ports are chosen, to indicate if the model can be applied
to all types of ports around the world rather than only a specific type of port. The Port of Rotterdam is an
interesting port to look into. This is the largest port of Europe and therefore a large source of emissions and
thus a great deal is to be gained in terms of emission reduction (Transport & Environment, 2022). Further-
more it is a well known international port about which a lot of information is available. The Port of Constanta
is of a much smaller scale. Also the location of the port differs greatly from the location of the Port of Rot-
terdam. Firstly, it is located outside an emission control area whereas the Port of Rotterdam is located inside
an emission control area. This means different emission regulations apply, influencing the fleet composition
and vessel behaviour (for example fuel consumption) and with that the emission patterns. Secondly, the Port
of Constanta is located on the coast of Romania, meaning it is connected to the Black Sea, whereas the Port of
Rotterdam is connected to the North Sea. This provides different environmental circumstances influencing
the emission patterns (for example in the Black Sea there will be less influence of currents). By performing
two different case studies, the influence of these factors on the developed model can be identified.

1.4. Research questions
The problem is defined and the research objective and scope are known. This has led to the following question
to which this research must provide an answer to:

How to estimate vessel emissions in ports using AIS data in order to identify emission distribution patterns
and evaluate emission reduction strategies?
To answer this question, the following sub questions are drawn up:

1. How can we develop a method for estimating emissions in ports in space and time?

2. What aspects of a vessel movement in a port should be distinguished when evaluating emissions of a
vessel in a port?

3. What data is needed for developing a model to estimate emissions?

4. How can emissions patterns in a port be estimated and how can important emission sources be identi-
fied with the developed method?

5. How can the effects of emission reduction measures be quantified with this method?
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6. How does the method perform when applied on AIS data of global ports?
These questions will determine the structure of the report. The steps corresponding to these questions are
visualized in the figure below.
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The theoretical framework of the research is presented in this chapter. To define the study parameters, the re-
search method is briefly discussed first and from that the study parameters are derived and some background
information around these subjects is provided. The relevant fleet in ports is also elaborated in the last section
of this chapter.

2.1. Research method

The leading and one of the most detailed bottom-up method to estimate emissions from shipping is the
one from International Maritime Organization (2021). Therefore, this research will be used as a base when
developing a method to estimate emissions in ports.

The IMO approach is like many other bottom-up researches, based on the energy and fuel consumption of
the vessel’s engines times a vessel-specific emission factor (Cofala et al., 2007; Olmer et al., 2017; Kauffman
and Hulskotte, 2021). The IMO approach, calculates the energy an engine has to deliver for estimating the
NO, and P M, emissions, and calculates the fuel consumption of the engine for estimating the CO, and SOy
emissions. The fuel consumption is determined by multiplying the energy consumption of the engine by a
specific fuel consumption factor differing for each vessel, meaning the fuel consumption is dependent on the
energy consumption. More generally speaking, to estimate the emissions an approach to estimate the energy
consumption of a single vessel, specific fuel consumption factors and emission factors are needed.

However the IMO approach is not port-specific and their approach to estimate the energy consumption of
the vessel does not depend on the fairway characteristics. Therefore, some adjustments will be made to
the method of the IMO. The most important components influencing these alterations are described in the
following sections.

2.2. Energy consumption

The energy and with that the fuel consumption of a vessel depend on many characteristics. They are depend-
ing on the vessel characteristics and the movement of the vessel, but also on external influences such as the
fairway characteristics and the weather. Background information on the most important characteristics will
be provided in this section and their relation to this research will be addressed.

2.2.1. Engine types

The vessel’s engines are the emission sources of a vessel. On board a ship typically several type of engines
can be found: main engines responsible for driving the propeller of a ship to move the ship through the wa-
ter, auxiliary engines needed to power the ship’s electrical systems, boilers which are responsible for running
various ship’s machineries and lastly, a very small group (4% of the emission sources): gas turbines and inert
gas generators responsible for additional services such as heat and steam production and ignition (European
Commission, 2020). For all engines, except the main engines, there is a shortage of data on the engine speci-
fications. Due to the scope of this research, the gas turbines and inert gas generators are therefore neglected.
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The number of boilers installed on ships is significant, however their contribution to the amount of emis-
sions is much smaller then of the main and auxiliary engines. This means that a method which only accounts
for emissions coming from the main and auxiliary engines, is likely to give a reliable estimation of the emis-
sions. However it will somewhat underestimate the total emissions. A special note should be made regarding
tankers. Tankers use their boilers intensively to heat the cargo and drive the unloading pumps. Neglecting
this will lead to an underestimation of emissions.

It is important to make a distinction between the emissions coming from the main engine or from the aux-
iliary engine. This way the method will provide a better emission estimation for vessels of which the magni-
tude of the two engine loads are far apart. Furthermore, the emission reduction measures further on in the
research can also be addressed more specifically. For example, when a vessel is connected to shore power,
only the auxiliary engine emissions will change. By applying a method which differentiates between these
two engines, the reduction measure can be investigated more precisely.

A more detailed insight in engine-specific characteristics and their influence on the method, are elaborated
on later on in the report in Chapter 3.

2.2.2. Operational modes

When focusing on the main engine, the amount of energy the engine consumes, is the energy needed to
overcome the resistance a ship experiences from sailing through the water. In traditional energy estimations
this resistance is related to the vessel’s speed. Meaning that when a vessel is sailing at high speed, this requires
more energy than when a vessel is sailing at a lower speed. However in ports the vessel’s speed alone is not
a good indicator of the energy consumption, since slow sailing does not necessarily mean that a vessel is
consuming less energy. A low vessel speed could also mean that a vessel is manoeuvring through a port basin
with the auxiliary engines driving the bow thrusters causing higher emissions, or that a vessel is at a berth or
anchorage with its main engines off but still emitting considerably due to the fact that the auxiliary engines
are on powering the electrical systems. Relating the total energy consumption of a vessel only to speed,
neglects the fact that the amount of energy an auxiliary engine consumes, is dependent on how much energy
the electrical systems of a vessel require at that moment. During sailing the energy consumption is generally
low, but when a vessel is manoeuvring or loading/unloading this increases. The energy consumption of the
auxiliary is therefore related to the operations a vessel performs.

To determine the energy consumption of a vessel, a distinction is necessary between all vessel operations
that have their own energy consumption characteristics. Since the energy consumption of the main engine
is related to the speed of the vessel, it make sense to divide these operations into categories which have the
same speed characteristics.

When looking into other researches, different categorizations of operational modes based on speed occur.
Generally, they all have the same scope where they contain a mode for normal sailing, manoeuvring and
hotelling, but some make a distinction between different speeds in ’sailing’ and some make a distinction in
'hotelling’ between berthing and anchoring. For example Ng et al. (2013) uses ’cruise, fairway cruise, slow
cruise, manoeuvring and hotelling’ and Starcrest consulting group LLC (2020b) uses ’transit, manoeuvring,
berth-hotelling, anchorage-hotelling’. On a smaller scale, such as in ports, it is important to make a distinc-
tion between berthing and anchoring since this influences the auxiliary engine’s power consumption (Inter-
national Maritime Organization, 2021). This influences the spatial distribution of the emissions, as berths
and anchorages are located elsewhere in ports.

For tankers a distinction in the operational mode 'berthing’ between loading and unloading would be advis-
able, since their power consumption at berth during loading is almost zero while their power consumption at
berth during unloading is extremely high to power their pumps. However, the distinction between those two
operations can not be made based on speed and requires a lot of extra data and research. Due to the scope of
the research, the operational mode 'berthing’ for tankers is not split up in loading and unloading.

Since the contribution of the auxiliary engine will be small in the ’sailing’ mode, differentiating between dif-
ferent speeds in this mode is not of added value in this approach. Determining the energy consumption
of the main engine with a method based on vessel speed will take into account these differences in energy
consumption at different speeds. This leaves us with four relevant operational modes in ports: 'berthing),
"anchoring’, ‘'manoeuvring’ and ’sailing’. The contribution of the main and auxiliary engines is different in
each of the modes and the method must take that into account. The four modes will be explained in short:
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¢ Berthing means the vessel is laying still at berth for loading and unloading operations. Generally the
main engines are turned off and the auxiliary engine load is high to support the vessels’ electrical sys-
tems needed for loading and unloading.

¢ Anchoring is similar to berthing, however anchorages are mostly located outside a port or in front of a
berth to accommodate vessels waiting to enter the port or waiting for open berths.

¢ Manoeuvring occurs when a vessel enters a port and is proceeding towards its berth/anchor or the
other way around when leaving the berth/anchor. It can also occur when a vessel is sailing in high in-
tensity traffic zones and for example is passing another ship or is approaching a fairway intersection.
This operation normally requires low speeds (between 0-8 knots) with moments of instant accelera-
tion and deceleration. The main engines are operating at low loads and the auxiliary engine loads are
high to supply energy to the additional onboard equipment such as thrusters (Bacalja et al., 2020). Ma-
noeuvring operations are sometimes accompanied by tug assistance. Expert opinion states that vessels
keep their main engines running when assisted by tugs. The rate at which they are running, differs per
captain (Man Jiang (TU Delft), personal communication, October 17, 2021). This makes it more dif-
ficult to estimate the energy consumption of the main engine. For the scope of this research, energy
fluctuations due to tug assistance are neglected.

» Sailing means the vessel is traveling at medium to high speed and not performing any specific opera-
tions. This requires high main engine loads to propel the ship and relatively low auxiliary engine loads
since few electrical systems are used in this mode.

2.2.3. Fairway characteristics

Energy is provided by the main engines, which is needed to overcome the resistance a ship experiences from
sailing through the water. This resistance depends on the fairway characteristics. Think of the dimensions
of the fairway, but also external influences on the fairway such as wind and waves. The dimensions of the
fairway have a big influence on the resistance. Lateral waterway restrictions are generally of less influence in
ports (Segers, 2020). However, the limited water depth in ports have a big influence and can therefore not be
neglected. A limited depth in combination with the displacement of a vessel, causes flow acceleration under-
neath the vessels bottom. The physical explanation of this is that when water gets shallower, the boundary
layer decreases. With the decrease of the boundary layer, the velocity gradient normal to the bottom of the
ship increases (acceleration). When the flow velocity increases, the local friction increases as well. For this
reason, it is important to take into account shallow water effects in ports. This falls within the scope of this
research, as information about the water depth is widely available for ports around the world.

External influences on the fairway play a role in ports when determining resistance of a vessel. The first two
external influences which will be discussed are wind and waves. When sailing against the wind, the vessel will
experience additional resistance than when compared to sailing along with the wind. The same rationale goes
for waves. Quantification of this change in resistance requires detailed information of vessel characteristics
such as the hull-shape, loading conditions and speed, and detailed time-dependent information of the wind
and waves, such as the fortitude and direction. Ports are typically aerodynamically complex environments
with complicated wave patterns. Wind and wave forces vary strongly and it is hard to obtain detailed time-
and space-dependent data. Since most ports are located inland and are relatively sheltered by for example
breakwaters, the effect of wind and waves on the vessel resistance is considered to be minor. The research of
Seo et al. (2017) supports this; In harbour basins, typically long waves are observed, and this research states
that the added resistance of ships for long wavelengths is between 2 and 5 %. This also gives an indication for
the wind resistance, as for ocean-going vessels this is generally significantly lower than the wave resistance
(MAN Energy Solutions, 2018). Due to their small contribution, these external influences are neglected in this
research.

A third external component influencing the resistance is the current of the fairway. Generally two terms are
used to describe vessel speed: 'speed through water’ and 'speed over ground’. The velocity available in the
AIS data is the 'speed over ground’. This is the speed with respect to the land. However, the velocity of the
vessel relative to the water, the so called 'speed through water’, is used in resistance calculations. This takes
into account the current of the fairway. If a vessel is moving against the current the speed through water is
higher than when a vessel is sailing along with the current. The representation of this is:

¢ along the current: speed over ground + speed of the current = speed through water

* against the current: speed over ground - speed of the current = speed through water
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A higher speed through water means a higher frictional resistance. The speed is quadratically related to the
resistance, so small changes to the vessel speed will have a large influence on the resistance. To take into ac-
count the currents, time- and space-dependent data about the magnitude and the direction of the currents is
necessary. Obtaining this data is difficult and not available for ports all around the world. For the scope of this
research, the effect of currents is therefore neglected. This will lead to higher uncertainty in the estimation of
emissions.

2.3. Emission factors

Several companies and institutions have derived emission factors. The most extensive researches are per-
formed by Nederlandse Organisatie voor toegepast-natuurwetenschappelijk onderzoek (TNO) and IMO. The
emission factors of TNO consider only three operational modes: ’sailing at sea) sailing inland’ and ’hotelling’
(Hulskotte, 2019). They are based on certification-measurements commissioned by engine suppliers and
validated by performing tests on exhaust gas plumes from vessels sailing on Dutch territory (J.H.J. Hulskotte
(TNO), personal communication, July 24, 2021). The IMO emission factors are based on literature and ex-
tensive testing on multiple engine types of vessels sailing all around the world and therefore apply in global
setting. Another advantage is that they cover the same four operational modes as the ones which will be used
in this report. Therefore, the emission factors of the IMO align better with this research.

The IMO differentiates between energy-based and fuel-based emission factors depending on the emission
product. The energy-based emission factor is stated in terms of gram pollutant per kWh and the fuel-based
emission factor is stated in terms of gram pollutant per gram fuel. The reason for this division is that fuel-
based emissions are directly proportional to the fuel consumption and therefore dependent of the engine
load; the fuel consumption is higher if the engine does not operate at it’s optimum engine range. Once the
fuel consumption is known, the emissions can be derived directly from the emission type content in the
fuel (United States environmental protection agency, 2016). The energy-based emission types are not engine
load dependent. They can not be derived directly from the fuel content, but they need to take in engine
characteristics such as the age and engine speed.

Besides the engine load, the emission factors differentiate between many other characteristics. These differ-
ent characteristics are explained in more detail in Appendix C.

2.3.1. Emission types

Due to the scope of this research, not all greenhouse gasses are taken into account but the focus will be on
CO;, NOy, SOy and P M. These are, as mentioned before, the four most noticeable polluters in the shipping
industry, but become even more important when zooming in on ports.

Most current regulations applicable in ports, cover these four aforementioned polluters. The reason these
specific emission types are highlighted, is because they have the largest impact on many levels. For starters,
COy, NOy, SO and P M, are the four largest contributors to the total emissions in ports (Merk, 2014). These
three considered gasses and P M) are harmful for people’s health and the environment. NO,, CO, and P M
emissions in ports have been linked to health issues such as bronchitic symptoms, respiratory issues, high
blood pressure, heart problems, strokes and premature deaths and cause environmental acidification and
nutrient pollution in coastal waters (EPA, United States Environmental Protection Agency, August 16, 2021).
CO, and SOy are of global environmental importance, whereas NO, and P M effect the environment more
locally, which is important when considering ports and port-cities.

The fuel type and quality, the engine type and the combustion process influence the amount of these emis-
sions. To get more insight in this process, more detailed information is provided about the four considered
emission types.

Carbon dioxide (CO)

Around 97% of emissions in ports consists of CO,, which is by far the largest share (Merk, 2014). Due to its
large presence and its ability to remain in the atmosphere for over 300 years, CO; is an important pollutant
contributing to global warming and climate change (NASA, 2022).

The formation of CO; depends on the carbon present in the fuel. The carbon reacts with the oxygen in the air
and forms CO-. The emission is directly proportional to the amount of fuel used and thus with the efficiency
of the engine (Witkowski and Kazimierz, 2020). Therefore this emission type follows a fuel-based approach,
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which allows for variation in engine load and carbon content of the fuel. The load dependency is captured in
the fuel consumption (International Maritime Organization, 2021).

Nitrogen oxides (N O,)

NO, contributes to the formation of photochemical smog and acid rain and promotes the formation of ozone
(Jun et al., 2001). Besides this, NO, has a harmful effect on the health of the local population. NOj is highly
reactive and decays in the atmosphere in a few days, for this reason it is not subjected to long-range transport
away from the source (Haga et al., 2021). However, this increases the importance of the local effects of NO,.
Many legislative initiatives are being drawn up to reduce NO, emissions locally, such as in ports.

The air consist of approximately 21% oxygen and 79% nitrogen. When an engine burns fuel, the oxygen reacts
with the nitrogen present in the fuel, but also with the nitrogen already present in the air. This way mostly
NO and NO, are formed, together summarized as NO, (ANWB, 2022). This formation only happens at high
temperatures and the amount of NO, produced depends on the combustion temperature and the time the
nitrogen and oxygen are subjected to these high temperatures (Witkowski and Kazimierz, 2020). Therefore,
the engine type and engine speed play a dominant role in determining NO, emissions. NOy emissions are
independent of the engine load and will follow an energy-based approach.

Sulfur dioxides (SOy)

The shipping sector’s contribution to the total SO, emission is large and approximately 70% of these emis-
sions occur within 400 km of land, such as ports (Endresen et al., 2003). Here, SO, emissions have a large
impact. It contributes to the formation of photochemical smog and acid rain and causes health related issues
like respiratory problems. This leads to many initiatives to limit the SO, emissions, like the IMO sulphur
regulation.

The SO, emission is directly related to the level of sulfur in the fuel being used. When sulfur content is
lowered, the emitted SOy is less. During combustion approximately 98% of sulfur in the fuel is oxidized to
SO, and the remaining part to SOs. These two components are together referred to as SOy.

The emission is directly proportional to the sulfur content of the fuel. Therefore this emission type follows a
fuel-based approach, which allows for variation in engine load and sulfur content of the fuel.

Particulate matter (P M)

PM stands for particulate matter, and P Mg covers the particles with a diameter of less than 10 micrometer.
These small particles can penetrate deep into the respiratory system and are therefore related to many acute
or chronic health effects. The most prominent sources of PMjo emissions are local sources (Haga et al.,
2021). Therefore the measures to reduce these emissions are drawn up locally, such as in ports, which makes
it important to consider this emission type in this research.

The sulfur that is not converted to SOy is assumed to be converted to PM;( (International Maritime Orga-
nization, 2021). This means that when the SO, emissions decrease, the P M, emissions increase. This also
means that the PMy emissions are directly related to the sulfur content of the fuel and the fuel consump-
tion. However the amount of emission is related to the engine combustion processes. Determining P Mg
emissions, follows an energy-based approach and is dependent on respectively the fuel type and the engine

type.

2.3.2. Fuel types
For a better understanding of emission factors, the fuel consumption but also the fuel type must be known.
A little background on the types of fuel used in the marine industry is provided in this section.

The world fleet is mainly powered by diesel engines running on marine fuels. Marine fuel is obtained from
the distillation of crude oil and includes distillates (the lighter fractions) and residues (the heavier fractions).
The most common fuel types used in the marine industry can be divided into distillate fuels and residual
fuels (Vermeire, 2021).

Residual fuel, also called Heavy Fuel Oil (HFO), was until recently the most widely used fuel as it is very
cheap (around 30% cheaper than distillate fuels). The downside of this fuel is that it has a high sulfur content
(Fritt-Rasmussen et al., 2018). To comply with the current regulations (IMO 2020 rule), so-called exhaust gas
cleaning systems (EGCS) are installed which clean the exhaust gasses and limit the sulphur oxide emission.
The most widely used EGCS are scrubbers. From the Clarkson vessel database, is inferred that approximately
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4.700 ships were fitted with scrubbers in June 2022. This is around 4.5 % of the world fleet in terms of the
number of vessels. Due to Covid-19 the fuel prices dropped and the expected increase in scrubbers did not
increase as much as was expected. On top of that the effect of scrubbers is currently being questioned by
several environmental organizations. This in combination with economic considerations makes it uncertain
whether the number of vessels with scrubbers will increase strongly in the future. Besides the sulphur oxide
and particulate matter emissions, scrubbers do not heavily affect the emission pattern of other evaluated
emission types and therefore, the use of scrubbers is not taken into account in this research (Johnson, 2013).
It is important for future research to keep evaluating this trend, since the neglect of scrubbers will cause an
over-estimation of the actual amount sulphur-related emissions.

When the sulfur regulation tightened on 1 January 2020, a small part of the world fleet installed scrubbers, but
most vessels switched to a different fuel type with lower sulphur content (Wagenborg, 2020). They switched
to distillate fuel of which the most widely used ones are marine diesel oil (MDO) and marine gas oil (MGO).
The common distillate fuels can comply with the current regulations (without scrubbers), as MDO has a
maximum sulphur emission of 0.50% and MGO a maximum sulphur emission of 0.10%. The higher quality
distillate fuels are primarily used in emission control areas (ECAs) (European Technology and Innovation
Platform, 2017).

The shipping industry is, like any other transport industry, focusing on cleaner fuel solutions. This leads to
an increased use of alternative fuels. An increasing group of vessels uses liquid natural gas (LNG) to power
their engine. It is often referred to as 'the fuel of the future’ since it has a low sulphur content, consists of clean
burning properties and is cheap. However, it is difficult for existing vessels to adapt their engines to run on
LNG. Furthermore the storage of LNG aboard a vessel might lead to difficulties (Al-Enazi et al., 2021). Recently
another drawback arose from research done by Ushakov et al. (2019), namely: methane slip produced at lower
engine loads. Methane is considered to have a 86 times higher 20-year global warming potential than CO,.
For these reasons, a world wide switch to LNG might take years.

Other groups of alternative fuels often named to reduce greenhouse gas emissions, are the biofuels and
blends with biofuels. Biofuels currently available are Straight Vegetable Oils (SVO), biodiesel (FAME), renew-
able diesel (HVO), ethanol and butanol from sugar and starch, and tall oil renewable diesel. Although the
interest for these biofuels has increased over the last decades, it is not likely to be widely used soon. Most bio-
fuels are short in supply and expensive, the handling of some biofuels is difficult and the volumes needed to
supply the power are large. Biofuels are therefore more applicable for smaller vessels or for auxiliary ultra-low
sulphur fuel in ports (Hsieh and Felby, 2017).

Methanol is the exception and is considered to be an important fuel to achieve the emission targets. It can
be a carbon neutral fuel when made from biomass or green electrical power and the emissions are very low
and sulfur-free (Siemens Energy, 2020). Only minor engine modifications are needed for diesel engines to
switch to methanol, however a drawback is that the storage of methanol takes in more space then the storage
of current diesel fuels, since the energy density is low (Andersson and Salazar, 2015). Nowadays, except for
Stena which has one ferry operating on methanol, Methanex is the only company operating tankers using
methanol diesel engines (de Jong, 2020).

Besides alternative fuels, also use is made of renewable energy. There are ships utilizing batteries, hydrogen,
solar power, wind and wind energy. A few electric ferries using electric energy from batteries are in opera-
tion, but this energy source still has limited applications since the capacity of the batteries is limited to short
voyages. Furthermore, the energy to power the batteries is still mainly generated by onshore power plants.
Hydrogen fuel is a relatively new technology, which is garnering interest because of its applicability for long
voyages. However, in the future the use of batteries is more likely to grow since it is cheaper, the technology is
more mature and not many logistical changes are necessary for implementing this technology compared to
hydrogen fuel (Horton et al., 2022).

Some naval ships use gas turbines or steam power, the latter mostly in combination with nuclear installa-
tions. There is also a sizeable number of mostly older LNG carriers operating on steam power, using boil-off
methane gas from the cargo as fuel for their boilers. Gas turbines have a poor efficiency and cannot compete
successfully with diesel engines for most applications (de Jong, 2020).
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2.4. Considered fleet

For the scope of the project, not all vessel types will be included. To determine which vessel types are the
most relevant, a literature study is performed on vessel data from 2019 since this represents the fleet most
realistically due to Covid-19. The vessel categories which are responsible for the largest share of emissions in
ports are considered most relevant (for this research). However, the biggest polluters in ports are difficult to
identify due to the lack of insight in emissions in ports. Therefore, first the world fleet will be observed and
subsequently additions will be made to this fleet specifically focusing on polluters in ports.

Most climate change goals are focused on reducing CO, emissions, as they have the largest contribution to
the total emissions (98%) (Kauffman and Hulskotte, 2021). Therefore, data about CO, emissions is the most
widely available from previous studies. According the International Maritime Organization (2021), consider-
ing the commercial world fleet, there are seven vessel types which together account for approximately 90% of
the CO; emission of the world total. By including these vessel types in this research, the biggest polluters are
tackled. Figure 2.1 shows the contribution of the commercial fleet to the total CO, emissions. The pie chart
on the left covers the seven vessel types which are responsible for 90% of the total emissions. The figure on
the right covers the vessel types excluded from this 90%.

Liquefied gas tankers
Chemical tankers 8%

9%

General cargo ships
6%

Ro-Pax vessels
4%

Oil tankers
17%

Vehicle
ships

Bulk carriers 2.7%

21%

 Passenger ships
- cruise
3.2%

Container ships
25%

Figure 2.1: Percentage CO, emission per vessel type of total CO, emissions of the commercial world fleet

When looking at the pie chart on the right, the eight-largest vessel type is the 'Cruise ship’. When looking on
a European scale like the researches of Olmer et al. (2017); European Commission (2020) and Bullock (2020),
compared to the world fleet the category 'Passenger ships’ or 'Cruise ships’ is also part of the 90%. It would
be of added value to include a passenger ships category in the research. Not only because this way all large
polluters are taken into account, but also since their energy demand in ports is generally considerable and
therefore they emit large amounts of CO,, NO, and SOy (Celic et al., 2014).

A division is made between passenger ships since the energy consumption patterns of cruise vessels differ sig-
nificantly from other passenger vessels. Their characteristics and other vessel-specific values vary throughout
the research, so therefore they are considered as two different categories: the cruise ships category 'Passenger
ships - cruise’ and the rest of the passenger vessels summarized as category 'Passenger ships’.

Another often-named vessel type is the refrigerated cargo vessel. Although their emissions are significant, this
vessel type is not part of the eight largest emitters and the number of refrigerated cargo vessels is decreasing
(News, 2019). Furthermore, the emission pattern of this vessel type is complicated since the cargo of the
vessel also demands energy. The method followed in this research will lead to emission rates with a high
uncertainty. For the scope of this research this category is therefore left out.

When comparing the world fleet to the fleet in a port, it must be noted that not only the number of vessels is
important, but also their time spend in port. The cargo vessels will generally spend the same amount of time
in ports (hours to days) and will therefore contribute to the emissions in ports as described above. However
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a group of vessels spending significantly more time in port than cargo vessels are the service vessels. They do
not emit as much per vessel, but since they are always present in the port, they can still be responsible for a
large share of emissions. The largest part of the port service fleet consist of tugboats. When looking into other
researches the share of CO; emissions of tugboats in ports has a large scatter, varying from 7% to 22 % of the
total CO, emission in the port (Khan et al., 2008; Leong et al., 2015). To investigate the reason for this scatter
and to avoid exclusion of a possibly large part of the emissions in ports, tugboats are also considered part of
this research.

The complete overview of the vessel types which are taken into account is as follows:

¢ Container ships * General cargo ships

¢ Bulk carriers ¢ Ro-Pax ships

* Qil tankers ¢ Passenger ships

¢ Chemical tankers ¢ Passenger ships - cruise

e Liquefied gas tankers(LPG/LNG/CNG) » Tugboats



Method

To estimate the emissions from shipping in ports, a bottom up method is developed based on AIS data. The
emission of a single ship is estimated and by mapping the components of all single ships along a port network
an emission distribution is derived. First the method to estimate the emission of a single vessel in space and
time is explained in this chapter. With this method as a basis, a model containing all algorithms to map the
emissions can be set up and the necessary input data can be identified.

Figure 3.1 gives a brief overview of the structure of the method used to estimate the emission of a single vessel.
With the vessel speed and position from the AIS data, an operational mode is determined. This is necessary
because the engine power estimation is operational-mode-specific. According to the operational mode, the
main engine power is either estimated with the resistance calculation from Holtrop and Mennen (1982) when
the vessel is sailing, or assumed zero when laying still. According to the operational mode, the auxiliary
engine power can be estimated with values of the research of International Maritime Organization (2021).
Depending on the emission type and vessel characteristics, the emission factor is determined with an energy-
based or fuel-based approach. The emission rate for the main engine and auxiliary engine is determined
separately and is obtained by multiplying the energy consumption by the specific emission factor. The total
estimated emissions of a ship are the sum of the emission from the main engine and the auxiliary engine.

Model

Method Method © Method
Input : output
- Vessel
characteristics
H Energy consumption ME
- it — Operational mode K Emissi f
Vessel position i . E o S aioAE TS — > E H'IIISSIDI'I o Iz_a
; W Tathour Total emission rate single vessel in
i Emission rate AE. [a/hour] space and time
- Vessel speed Section 3.1
H Emission factor [g/kWh] —
- Fairway Section 3.3
characteristics

Figure 3.1: Overview of the method to estimate emissions of a single vessel

When the emissions of all individual vessels are known, this can be implemented in the model. The steps on
how to implement the method into the model, the input and output of the model and the data processing
steps are explained in more detail in Chapter 4. The method used to estimate the emission of a single vessel
in space and time is explained in this chapter.

17
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3.1. Estimate emissions
The emission of a vessel per At are the sum of the emission from the main engine and the auxiliary engine.

EM =EMyg+EMag (3.1
with:
¢ EM = total emission of the vessel per At
e EM)g = emission of the main engine of the vessel per At
e EM4r = emission of the auxiliary engine of the vessel per At

The emission of the main and auxiliary engine are calculated apart from each other since they come from
different engines with each their own characteristics and fuel type. For all four emission products (COz, SOy,
NO, and P M), this is done according the following formula:

EM;=E;* EF;p1a1 (3.2)
with:
e EM ; = emission of the main/auxiliary engine [g / hour]
e E; = energy consumption of the main/auxiliary engine per At [kWh]
* EF;y:q; = total emission factor [g / kWh]

3.2. Estimate energy consumption

3.2.1. Determine operational mode

The energy consumption calculation of the main engine and auxiliary engine are operational-mode-specific.
Therefore the first step is to determine the operational mode. Four modes are distinguished: sailing, ma-
noeuvring, berthing and anchoring. When a ship is berthing or anchoring, it is assumed that the main engine
is turned off and the auxiliary engine is on to power the vessel’s electrical systems. When a vessel is ma-
noeuvring or sailing, the power consumption of the main engine is estimated based on the vessel’s resistance
according the method of Holtrop and Mennen (1982). The auxiliary engine power consumption will have a
smaller contribution in these modes.

Operational mode

“Berthing” “Manoeuvring”

ME: Power estimate

ME: engines are off based on resistance

AE: Power estimate AE: Power estimate
based on values IMO4 based on values IMO4

Figure 3.2: Overview of the operational modes and their influence on the engine power consumption

3.2.1.1. Classification of operational modes

The modes are identified based on the speed and position of the ship from the AIS data. Based on previous
research from International Maritime Organization (2021), a decision matrix is drawn up for all vessel types
with a small alteration for liquid tankers. Liquid tankers operate differently since they can unload offshore.
The decision matrix is shown below. The rows represent the speed over ground and the columns the distance
of the vessel to it’s destination. It is assumed that at the end of each trip, the vessel is berthing to load and
unload it’s cargo. This point is called the destination point.
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Distance to destination
Speed over ground <1 nm 1-5nm >5nm
<0.5 knots Berthing Anchoring / Berthing* | Anchoring
0.5 - 3 knots Anchoring Anchoring Anchoring
3 - 5 knots Manoeuvring Manoeuvring Sailing
>5 knots Manoeuvring Sailing Sailing

Table 3.1 Decision matrix to determine operational mode for all vessel types
*For liquefied tanker only

When reaching the destination of the trip and the speed is close to zero, the operation is categorized as
’berthing’. An exception applies for liquid tankers, which can load and unload within a range of five nau-
tical miles offshore. This generates an uncertainty, since the liquid tankers at anchorage within a range of 1-
5 nautical miles from it’s destination are now also categorized as berthing. This results in an overestimation
of the auxiliary engine load, since the energy demand for unloading of tankers while berthing, is significantly
higher than while anchoring.

When the AIS data registers a speed between 0.5 - 3 knots, the vessel is not sailing yet but assumed to be at
anchor. This results in speeds close to zero, but never reaching zero since the vessel will be drifting. This
generates an uncertainty, since this means that when leaving berth, a vessel is always for a slight period in
anchor-mode before manoeuvring. This assumption will cause an underestimation of the emissions since
the main and auxiliary engines power demand while manoeuvring is higher than when anchoring.

For both uncertainties stated above, holds that no alterations will be made since the values from the research
of International Maritime Organization (2021) are used to estimate the auxiliary engine power. They main-
tained this categorization of operational modes when they performed tests and measurements to derive the
auxiliary engine power, so alterations will influence the auxiliary engine power consumptions.

3.2.2. Energy consumption main engine

The amount of energy the main engine consumes, is dependent on the resistance the ship experiences. This
resistance consists of several components which are estimated according the method of Holtrop and Mennen
(1982). All components taken in, are explained in Section A.1. To translate the total resistance to total required
power, the propulsion characteristics and efficiencies of the system are taken into account. Figure 3.3 shows
a schematization of the system.

To overcome the resistance the ship experiences, a certain effective power (P,) is needed. After some losses
in the propeller this power can be expressed as the delivered horsepower (P,;). After again some losses in the
gearbox and shaft this can be expressed as the brake horse power (P;). The brake horse power determines
the energy consumption of the main engine.
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Vessel speed
—

i
Propeller Main Engine

Gearbox
) \,j |
r 1
. Y 1 | | | I_I_I_

Po> Pd > Pe

Figure 3.3: Schematization of the main engine system of a ship

The energy consumption of the main engine can be described by the formula below:

Eng =Py At (3.3)

With:
e Ejyg = energy consumption of the main engine during At [kWh]
¢ Py, =brake horse power [kW]
¢ At =timestamp [hours]

To determine the required brake horse power, knowledge of engine system is needed. The calculation begins
with determining the effective power. With some efficiency factors the effective power can be translated to
the brake horse power. In other words: calculating from left to right in the Figure 3.3.

The effective power is the power required to move the ship at a given speed in the absence of propeller action.
It can be calculated according:

P, =Vy * Ryor (3.4)

With:
¢ P, =effective power [kW]
¢ Vp =vessel speed [m/s]
* R;o: = ships total resistance [kN]

The total resistance the vessel experiences is a sum of multiple resistance components (Holtrop and Mennen,
1982):

Rmt=Rf(1+k1)+RApp+Rw+RB+RTR+RA (3.5)

With:
* R;,: = total resistance [kIN]
* Rp= frictional resistance [kN]
* 1+ k; = form factor describing the viscous resistance of the hull form in relation to Ry [-]
* Rypp =resistance of appendages [kN]
* R, =wave-making and wave-breaking resistance [kN]
* Rp =additional pressure resistance of bulbous bow [kN]
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* Rrr = additional pressure resistance of immersed transom stern [kN]
¢ R, =model-ship correlation resistance [kIN]
All of these resistance components are explained in detail in Section A.1.
The effective power can be expressed as delivered horse power (the power delivered to the propeller) taking

in some efficiencies from the propeller. The efficiencies are described in more detail in Section A.2. The
delivered horse power becomes:

P,

P, =
NoNrMh

(3.6)

With:

P, = delivered horse power [kKW]

* 1, = open water efficiency of propeller [-]

7, = relative rotative efficiency [-]

Ny = hull efficiency [-]

The delivered horse power can be expressed as brake horse power by taking in the remaining losses from the
gearbox and shaft:

_Pa
Ng

Py (3.7)

With:
* 1)¢ = gearing efficiency [-]
The determination of the gearing efficiency can be found in Section A.2.

If the maximum brake horse power exceeds the installed power, the installed power is assumed as this can
not be the case.

3.2.3. Energy consumption auxiliary engine

The energy consumption of the auxiliary engine is dependent on the operational mode, vessel type and size
category. For each vessel type and operational mode fixed values for the power of the auxiliary engine are
determined. These values are based on the most recent study of the International Maritime Organization
(2021). The reason for this is that this study maintains the same operational modes as the four operational
modes maintained in this report.

The energy consumption can be calculated with the following formula:

Epp=Papg* At (3.8)

With:
e E 4 = energy consumption of the auxiliary engine per At [kWh]
e P,r = power of the auxiliary engine [kW]
e At =timestamp [hours]

A table with the fixed values for P, and how they are derived, can be found in Appendix B.

It must be noted that this research does not take into account boiler emissions. When estimating the emis-
sions at berth from tankers, this can lead to a large underestimation since their machinery to unload the
cargo requires a lot of power which is provided by the boiler. To take this into account, in the berthing mode
the power consumption of the boiler (stated in the International Maritime Organization (2021)) is added to
the power consumption of the auxiliary engine for all three tanker types. This generates an uncertainty in
the emission estimation as the boiler is now assumed to have the same engine characteristics as the auxiliary
engine. However excluding the share of emission from the boiler leads to even more uncertainty.
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3.3. Total emission factor

The IMO has determined some base emission factors based on the emission products and engine charac-
teristics. These base emission factors can be found in Appendix C. The base emission factors need to be
translated to the total emission factor. The total emission factor for CO, and SO is determined differently
from the ones for NO, and PM;g. The first two emission types make use of an energy-based approach and
the latter two make use of a fuel-based approach.

Method for CO; and SO, - fuel-based

The total emission factors of CO, and SOy are determined following a fuel-based approach. This means that
the emissions depend on the engine load and the carbon and sulfur content of the fuel respectively. The base
emission factors are stated in terms of [g/kg fuel] instead of [g/kWh]. To obtain the fuel-based total emission
factors, the base emission factor (from the fourth IMO greenhouse gas study) must be multiplied with the
hourly fuel consumption of the vessel type:

EFtota1 = EFpgse * HFCrogal,i (3.9)
with:
® EF;tq1 = total emission factor of CO, or SOy [g / kWh]
¢ EF},se = base emission factor [g / g fuel]
* HFCigtq1,; = total hourly fuel consumption of the ME/AE [g fuel / kWh]

Method for NO, and P M) - energy-based

The total emission factors for NO, and P M are derived following an energy-based approach. This means
that it is not necessary to determine the hourly fuel consumption and the base emission factors can directly
be used:

EFiotal = EFpase (3.10)
with:
* EFysq; = total emission factor of NO, or PMyq [g / kWh]
e EFp.se = base emission factor [g / kWh]

3.3.1. Hourly fuel consumption HFC

The hourly fuel consumption of the main engine is dependent on the engine load and/or class. It needs a
correction since for lower engine loads, the engine is less efficient. This is done by multiplying a base hourly
fuel consumption with a correction factor C:

HFCrorat,me = HF Cpgse ¥ C (3.11)

with:

* HFCiota1,mE = total hourly fuel consumption of the main engine (g fuel / kWh]

* HFCpg4se = base hourly fuel consumption [g fuel / kWh]

¢ C=correction factor engine load
Gas and steam turbines are not dependent on engine load and therefore their HFCy1q1,mE is the HF Cpge.
For the auxiliary engine the emission factor is independent of the engine load, because the engine load of
auxiliary engines is usually adjusted by switching (multiple) engines on or off. The optimum working range

of auxiliary engines is thus maintained and does not have large variability. Therefore the HFCyys4; g of the
auxiliary engine is the HF Cpe:

HFCyota1,ar = HF Cpgse (3.12)

Base hourly fuel consumption HFCy ;.
The base hourly fuel consumption is dependent on the engine type, fuel type and the year of built of the
engine. The vessels are divided in three construction year classes depending on their year of built:

* Built before 1984

* Built between 1984 and 2000
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* Built after 2000
Table 3.2 states the HFCp4,, values. These values are derived from the fourth IMO greenhouse gas study.

Engine type Fuel type HFCbase
Before 1983 | 1984-2000 | After 2000

SSD HFO 205 185 175

MDO 190 175 165

Methanol 350
MSD HFO 215 195 185

MDO 200 185 175

Methanol 370
HSD HFO 225 205 195

MDO 210 190 185
LNG-Otto-SS LNG 148 LNG + 0.8 MDO
LNG-Otto-MS LNG 173 156
LNG-Diesel LNG 135 LNG + 6 MDO
LBSI LNG 156 156
Gas Turbines HFO 305 305 305

MDO 300 300 300

LNG 203
Steam Turbines | HFO 340 340 340

MDO 320 320 320

LNG 285 285 285
Auxiliary Engine | HFO 225 205 195

MDO 210 190 185

LNG 173 156

Table 3.2 Base hourly fuel consumption

Correction factor engine load C

The equation for the correction factor is taken from the fourth IMO greenhouse gas study, where several
HFC-curves against the main engine load were used to find an empirical equation to estimate HF Cyyrq1,ME
at a specific engine load.

C =0.455 * load2;;, — 0.710 * loadpg +1.280 (3.13)

with:
¢ C = correction factor engine load [-]
* load)yp = main engine load [%]

The main engine load is the ratio between installed engine power and the brake horse power that is used
(calculated in Section 3.2.2).






Model

A model is set up containing the algorithms to estimate the emissions as described in Chapter 3. The model
is based on AIS data. This data provides the vessel speed and position needed as input for the emission es-
timation. The AIS data in combination with the Sea-web Ships database is used to set up a vessel database
containing all vessels occurring in the evaluated AIS data. This provides the vessel characteristics needed
in the method. To evaluate the route of each unique vessel, the AIS data is split up in trips. These trips are
coupled to the FIS network. This FIS network contains all fairways inside the port and fairway characteris-
tics such as the geometry of the waterway, which are necessary in the emission estimation to determine the
vessels resistance. The emission calculation according to the method described in Chapter 3, is performed
individually for each trip to determine the emission of a single vessel in time and space. The emission out-
comes can be assessed individually or can be projected on the FIS network to derive emission distribution
patterns.

' Model Model

input output
E -AlS data E i Vessel database 1 - Emission distribution f
: -Sea-web Ships : o . Project emissions : ;
! database :_,.é Emission estimation Jec:o FIS ! ! - Emission statistics |

-FIS network E

; P Method input Method P :

Figure 4.1: Overview of the model

4.1. Model input
4.1.1. AIS data and AIS data processing

Each vessel from 300 GT and larger is obligated to have an AIS transceiver onboard. From this transceiver
an AIS message is send to an AIS base station with intervals of several seconds for moving vessel up to in-
tervals of 3 minutes for anchored vessels. This message contains a timestamp, the MMSI-number (a unique
identification number) of the vessel, and other information about the vessel and its activities such as heading
information, position (latitude and longitude), speed over ground, and rate of turn.

The AIS data used in this research is provided by the engineering company Royal HaskoningDHV (RHDHYV)
which extracts it from AISHub. AISHub is a platform which gathers and saves AIS data of around 700 base
stations and supplies that data freely as long as you submit at least one continuous data feed. Subsequently
this raw data is cleaned by rules from AISHub and Vesselfinder. Vesselfinder is also a vessel tracking service
provider. Cleaning means erroneous entries are filtered out such as invalid MMSIs, invalid latitudes/longitudes
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and improbable speeds or travel distances. The filtered dataset is coupled by MMSI-number to vessel data
supplied by Lloyd’s List Seasearcher (updated monthly) and the IHS Markit — Sea-web (latest update in 2018).

To extract the AIS data from the RHDHV-platform a polygon must be drawn on a map. The size of the polygon
must cover the complete port area of interest. Furthermore a time interval must be chosen in days. The
extracted data contains the following fields of which only the 'True heading’ will not be used in this research:

e MMSI-number ¢ Sub category

¢ Latitude [deg] ¢ Main category

* Longitude [deg] * Dead weight tonnage [t]

* Course over ground [kn] ¢ Draught [m]

* Speed over ground [kn] ¢ Length overall [m]

¢ True heading [deg] ¢ Breadth [m]

e Vessel type * Received at [YYYY-MM-DD hh:mm:ss.sssssss]

Timestamp, distance and calculated speed

The AIS data is sorted, filtered and enriched before it is used in the model. First the data is sorted by MMSI
and timestamp. Next, a column 'A¢’ (the time between two succeeding stamps), a column 'distance’ (the
distance between two succeeding latitude and longitude points) and a column ’calculated speed’ (the dis-
tance divided by A¢) are added to the AIS dataframe. The calculated speed is necessary since practice shows
that the speed over ground (SOG) logged in the AIS data contains some errors. For computations throughout
the model the calculated speed is maintained as correct speed. Even though speed outliers are filtered out
by the RHDHYV AIS platform, a second check on speed outliers is performed based on the calculated speed.
Calculated speeds over 40 km/h are filtered out, since these speeds are unrealistically high.

Vessel type

This research takes in many vessel type dependent values based on research of the IMO. However, the vessel
type classification of RHDHYV does not coincide with the vessel type classification of IMO. Therefore, the next
AIS data processing step is translating the vessels classification of RHDHYV to the vessel classification of the
IMO. Based on the 'vessel type’, 'sub category’ and 'main category’ of RHDHYV, a final vessel type is allocated to
each vessel. All vessels are divided following the classification from Table 4.1. The vessel types considered in
the research are stated in the first column, with their corresponding vessel categories maintained by RHDHV
in the other columns. If the main and sub category assigned by RHDHYV (and in the case of 'Passenger ships’
also the vessel type assigned by RHDHV) match the ones stated in the table, the considered vessel gets as-
signed the final vessel type stated in the first column. All vessels which do not match with the categories taken
into account in this research, are filtered out.

Vessel type IMO Main category RHDHV | Sub category RHDHV Vessel type RHDHV
Bulk carriers Bulk carriers Bulk dry, Bulk dry/liquid,
Other bulk dry, Self dis-
charging bulk dry
Oil tankers Tanker Oil
Chemical tankers Tanker Chemical
Liquefied gas tankers Tanker Gas tankers
Container ships Dry cargo/Passenger Container
General cargo ships Dry cargo/Passenger General cargo
Passenger ships Dry cargo/Passenger Passenger Ferry, Hydrofoil, Pas-
senger ship, Passenger
vessel (unspecified)
Passenger ships - Cruise | Dry cargo/Passenger Passenger Passenger (cruise), Pas-
senger/cruise
Ro-Pax ships Dry cargo/Passenger Passenger/Ro-Ro cargo
Tugboats Miscellaneous Towing/Pushing

Table 4.1 Vessel type classification
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4.1.2. Fairway Information System (FIS)

A Fairway Information System is a dataset of nodes and edges, with each edge representing a simplification
of a fairway section. The edges and nodes can contain information about the fairway section. The charac-
teristics of importance for this study are the depth and length of the fairway section (the edge). The length
is known of each edge, the depth however is difficult to derive. The water depth is dependent of time. This
means only average water depths are available, which is considered good enough for this study. Neglecting
this time dependence means that the results are less reliable.

When working with an existing FIS graph, a processing step is to filter out the unnecessary edges. A polygon
is determined around the port area and all edges falling outside this polygon are removed from the graph.
The down-scaling of the FIS graph is done to save computational time.

If no existing FIS graph is available, it is also possible to create one by hand. This is a generic procedure and
can be done for each port around the world. The edges and nodes can be drawn on the map of the port in for
example Google Earth or GIS software, generating a shape-file. In the case study in Chapter 6 an example is
presented on how to construct a FIS graph. Due to it’s ease of use, Google Earth is used in this example.

4.1.3. Sea-web Ships database
The Sea-web Ships database contains information of over 200,000 vessels of 100 GT and above and the database
is updated daily

To create a vessel database, this database is coupled to the AIS data based on matching MMSI-numbers to
assign each vessel the following characteristics from the Sea-web Ships database:

¢ Deadweight tonnage: The weight in tonnes of cargo, stores, fuel, passengers and crew carried by the
ship when loaded to its maximum draught. This characteristic is only assigned if it is missing in the AIS
data.

¢ Number of screws: The number of main engines.
¢ Build year: The year of delivery of the vessel.
¢ Installed engine power: The installed power output of the main engines in kW.

* Fuel type 1 and Fuel type 2: The IHS database has two categories for the fuel type of the vessel: 'Fuel
Type 1’ and 'Fuel Type 2’. The first fuel type is the lightest fuel type registered to the vessel. To illustrate:

Fuel Type 1 | Fuel Type2 | Remarks
MDO HFO MDO is lighter than HFO
LNG MDO LNG fuel is lighter than MDO

The considered fuel types in the database are: HFO, MDO, LNG, nuclear, coal and methanol.

¢ Engine type: The four possible engine types entries are ’oil, 'gas’, ‘turbine’ and ’reciprocating’. ’Oil’
signifies all oil engines. They are internal combustion engines that use compressed air and fuel for
combustion. ’'Gas’ signifies all gas turbines. They use high energy fuel that is burned in the com-
bustion chamber with compressed air. 'Turbine’ signifies all steam turbines. They use energy from
pressurised steam and not directly from fuel. 'Reciprocating’ signifies all steam reciprocating utilises
non-combustion heat sources, such as solar and nuclear where water turns to steam in a boiler and
reaches a high pressure.

* Engine stroke type Ships are fitted with either 2 stroke or 4 stroke engines. Other stroke types are
possible but these are exceptional and the database does not cover these.

4.2. Model

When the input of the model is defined, the method to estimate emissions must be implemented in the
model. The model contains several algorithms to determine the emissions. To do this, the developed model
consists of the following steps:

A) Create a vessel database
This database contains all the vessel characteristics needed to estimate the emission of a vessel.



28

4. Model

B) Create a trip collection
This collection contains the sailed routes of all the individual vessels present in the AIS data.

C) For each trip in the trip collection:

1y

2)

3)

4)

5)

Project AIS points on edges of FIS network
This couples the fairway characteristics to each AIS message.

Retrieve water depths and fairway lengths
The water depth is required in the resistance calculation. The length of the fairway is required to
project the emissions in terms of gram per meter fairway.

Determine the energy consumption of the auxiliary engine
Here the steps of the method are followed:

i. Determine distance to destination (based on AIS data);
ii. Determine operational mode;
iii. Determine energy consumption of the auxiliary engine based on IMO data.
Determine the energy consumption of the main engine
Here the steps of the method are followed:
i. Filter for operational mode “manoeuvering” or “sailing”;
ii. Calculate resistance and main engine power according the method described in Section 3.2.2.
Calculate emissions (main engine and auxiliary engine)

The emissions of the main and auxiliary engine are calculated and summed up according the
method in Section 3.1

D) Project emissions from trips on FIS network

Each emission is coupled to a fairway section in step C1), these are summed up and divided by the
fairway length to provide the total emissions per meter faiway on each fairway section and plotted on
a map.

These are the steps which will be maintained throughout the case studies in the next chapter. First, the steps
will be described in more detail in the following sections.

4.2.1. Create a vessel database

All vessels present in the filtered AIS data are put in a vessel database. This database holds all the characteris-
tics and parameters for each vessel which are not time-dependent. This database will be connected later on
to the AIS data by MMSI-number in the emission calculation.

The vessel database will take the following form: the MMSI-numbers are stated in the first column and behind
each specific MMSI-number all the following vessel characteristics are stated:

Power auxiliary engine (berth, anchor, ma-

Deadweight tonnage [t] ¢ Engine type main engine
Draught [m] ¢ Engine type auxiliary engine
Length overall [m] * Engine speed [RPM]

Width [m] ¢ Year category

Vessel type o Tier

Size category [dwt] * Sapp(1+kz)

¢ Base hourly fuel consumption of the main en-

noeuvre, sail) (kW] gine [g fuel / kWh]

Block coefficient Cp, [-]

¢ Base hourly fuel consumption of the auxiliary

Number of engines [units] engine [g fuel / kWh]

Build year * Base emission factor for each emission product
Installed main engine power [kW] for the main engine [g / kg fuel] or [g / kWh]
Fuel type main engine ¢ Base emission factor for each emission product
Fuel type auxiliary engine for the auxiliary engine [g / kg fuel] or [g / kWh]

The vessel dimensions, vessel type and size category are present in the AIS data. All italicized characteristics
are derived from the Sea-web Ships database based on matching MMSI-numbers. The auxiliary engine power
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values while berthing, anchoring, manoeuvring and sailing are derived from the tabel in Appendix B. The
remaining characteristics are determined according different methodologies. Their derivations can be found
in Section A.1 and Appendix C.

When too little information about the vessel is available, some characteristics are impossible to determine.
These are filled in with a statistic approach. Based on the Sea-web Ships database, statistics are derived
specific to each size category of each vessel type. This data is used to fill in missing entries in the vessel
database from vessels of the same type and size. The results of the statistic analysis and the procedure to fill
in the missing entries can be found in Appendix D.

4.2.2. Create a trip collection
The AIS data is split up in trips with the Python package MovingPandas. For each unique vessel the package
reads the sailing route based on the AIS geometry, called a trajectory. Trajectories shorter than 1 km are
considered unrealistic and are rejected. Subsequently the remaining trajectories are split up in trips. Again
trips shorter than 1 km are rejected.

The cutting up in trips is based on the time a vessel is lying still and the engines are turned off. This can be
when a vessel is at berth to load or unload, or this can be when a vessel is waiting somewhere for example to
enter the port. Practice and research from van Zwieteren (2020) show that when a vessel is waiting less than
30 minutes, the captain keeps the engines idling. The emissions during this idling need to be included. When
a vessel is laying still for longer than 30 minutes, the engines are most likely switched off. To not take any
emissions into account when the engines are switched off, the trips are split when a vessel is laying still for
more than 30 minutes. If the vessel then resumes its route, this is considered a new trip.

This step produces a dataframe for each individual trip containing all timestamps, the vessel’s MMSI-number
and the draught, speed and location of the vessel.

4.2.3. For each trip in trip collection
When the AIS data is split into trips, the emissions can be estimated. This is done according the method from
Chapter 3 which consists of a few steps. Each of the steps will be explained in chronological order.

Project AIS points on edges of FIS network

To add the fairway characteristics to the route of the vessel, the route is coupled to the FIS network. This is
done by adding to each timestamp, the closest edge of the FIS network corresponding to the coordinates of
the vessel. This creates an extra column with FIS edges for each trip-dataframe in the trip collection.

Retrieve water depths and fairway lengths

Each edge of the FIS network contains characteristics of the fairway. The water depth stated under 'Gener-
alDepth’ is taken as the depth at that current timestamp, the length stated under 'Lenght_m'’ is used for the
length of the fairway section. The depth is necessary for determining the resistance of the vessel. The length
is needed later on in the model to express the emission in grams per meter fairway section. These values are
added to the trip-dataframe.

Determine the energy consumption of the auxiliary engine

The energy consumption of the auxiliary engine is dependent of the vessel type and size category (derived
from the vessel database) and of the operational mode the vessel is operating at. The operational mode is
in turn dependent of the speed and the distance to destination. The speed is derived directly from the AIS
data. The distance to destination needs to be determined. The following steps are needed to determine the
auxiliary engine power consumption:

1. Determine distance to destination (based on AIS data)
The first step is to determine the location of the destination. This is done by taking the latitude and
longitude of the first and last AIS message of the trip. The location at which the vessel speed is smaller
than or equals 0.5 knots is considered to be the destination. At this location is is assumed that the vessel
is laying still at berth. The other location, at which the speed is larger than 0.5 knots, is the point where
the vessel enters the AIS domain. To determine the distance to the destination at a certain timestamp,
the distances of all the AIS messages from that timestamp until the destination timestamp are summed
up.

2. Determine operational mode



30 4. Model

The operational mode depends on the speed and distance to the destination. The speed is derived
directly from the AIS data (calculated speed) and the distance to the destination is determined in step
one. In this step an operational mode gets assigned based on the criteria from Table 3.1.

3. Determine energy consumption of the auxiliary engine
The energy consumption of the auxiliary engine is based on data from the IMO. These values can be
found in Appendix B. Each timestamp is assigned an auxiliary engine power value in kW based on the
operational mode of that timestamp.

Determine the energy consumption of the main engine

If at the considered timestamp the operational mode is 'berthing’ or "anchoring’ the power estimation of the
main engine is set to zero. When the operational mode is ‘'manoeuvring’ or ’sailing’ first the resistance is calcu-
lated according the method from Holtrop and Mennen subsequently the energy consumption is determined
according Section 3.2.2. Summarizing, the following steps are performed:

1. Filter for operational mode “manoeuvering” or “sailing”
2. Calculate resistance and brake horse power

Calculate emissions (main engine and auxiliary engine)
The emissions for all four types of emission products are calculated separately. For the energy based emission
products (NOy and P M) this is done according in the following steps:

1. Calculate emissions of the main engines
From the vessel database the base emission factor of the main engine of the vessel is derived (EF £ pase)-
This is equal to the total emission factor (EFg, 0141). Per timestamp the total emission factor is multi-
plied by the power consumption of the main engine.

2. Calculate emissions of the auxiliary engines
From the vessel database the base emission factor of the auxiliary engine of the vessel is derived (EF4E pase)-
This is equal to the total emission factor (EF4g, 10rq1). Per timestamp the emission factor is multiplied
by the power consumption of the auxiliary engine.

3. Add up the emissions of the main and auxiliary engines
The emissions of the vessel per timestamp are the emissions of the main engine and auxiliary engine
summed up. This is added as an extra column to the dataframe of each trip.

For the fuel based emission products (CO, and SO,) this is done according in the following steps:

1. Calculate emission of the main engine
From the vessel database the base emission factor (EFyg p4se) and the base hourly fuel consumption
(HFCpE,pase) of the main engine of the vessel are derived. Per timestamp the total hourly fuel con-
sumption is determined by multiplying the base hourly fuel consumption by the correction factor for
the engine load which differs per timestamp. To determine the correction factor, the main engine load
is determined by dividing the calculated horse brake power of every timestamp by the installed engine
power of the vessel stated in the vessel database. The main engine load is then filled in in Equation 3.13.
With the base emission factor and the total hourly fuel consumption known, the total emission factor
(EFME,total) is determined according Equation 3.9. For each timestamp the total emission factor is
multiplied by the power consumption of the main engine to calculate the emission of the main engine.

2. Calculate emission of the auxiliary engine
From the vessel database the base emission factor (EF4g p4se) and the base hourly fuel consumption
(HFC g, pase) of the auxiliary engine of the vessel are derived. When considering auxiliary engines, the
base hourly fuel consumption is equal to the total hourly fuel consumption. With the base emission
factor and the total hourly fuel consumption known, the total emission factor (EF g orq1) is deter-
mined according Equation 3.9. For each timestamp the total emission factor is multiplied by the power
consumption of the auxiliary engine to calculate the emission of the auxiliary engine.

3. Add up the emissions of the main and auxiliary engines
The emissions of the vessel per timestamp are the emissions of the main engine and auxiliary engine
summed up. This is added as an extra column to the dataframe of each trip.

4.2.4. Project emissions from trips on FIS network
The emissions are estimated per trip in the trip collection. The next step is now to project the sum of all
trips on the FIS graph. This means assigning each edge of the graph the emission results of all four emission
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products in g/m. The edges of the FIS graph are filtered out one by one and compared to the (closest) edge of
each timestamp of each trip in the trip collection, when a match is found the emission of that timestamp is
added to the total of emissions on that edge.

4.3. Model output

4.3.1. Emission distribution

The results of the model will be displayed as a projection on the FIS graph. By coupling them to the FIS
graph instead of plotting all AIS data points, the emissions can be addressed per fairway section and more
accurate insight in the emissions distribution is delivered. The emissions are visualised by plotting each edge
according an assigned color scale related to the sum of emissions in g/m. Displaying the emissions per meter
fairway, is to avoid that long fairway sections show high emissions due to the fact that vessels spend more
time on this section. The emission totals can be plotted or the emissions of one single trip or vessel can be
plotted.

4.3.2. Emission statistics

Besides the emission distribution, also some characteristics of the total emissions can be derived. The sum of
the emissions of all timestamps of all trips shows the total emissions. Additionally, a split in emissions based
on operational modes can also be derived. This can be done by adding up the emissions of all timestamps
with the same operational mode. The same way, a split in emissions based on vessel types can be derived.

4.4. Implementation of emission reduction strategies

With the model output known, strategies to reduce emissions van be proposed. To determine the exact strat-
egy a thorough port analysis must be done, which is a research subject on its own. However, once an emission
reduction strategy is determined, the developed model can be of added value to determine a good first quan-
tification of the emission reduction.

The model takes in real-time AIS data, however it also has the capability to take in simulated AIS data of a
fictive fleet. Due to the scope of this research, setting up a simulation is too comprehensive so to demonstrate
reduction strategies another approach is used. Since a bottom-up model is created, which deviates between
operational modes, very detailed modifications can be made to the model to simulate measures on the real-
time fleet. Specific vessel types can be modified, but also for example all vessels at berth can be modified,
or a combination of the two options. These groups are then excluded from the model, which will create a
fictive fleet but with unaltered AIS paths. These fleet adjustments may lead to changes in the behaviour of
vessels. This is neglected with the current approach, but this could be modeled in an extensive simulation as
mentioned earlier. The current approach will be explained by means of certain reduction strategies.

Alternative fuels and energy

The fuel type of the vessel is of large influence on the emissions of the vessel. The model takes in a fuel type
specifically assigned to each individual vessel and the unknown fuel types are filled in based on statistics. Now
the regulations around fuel characteristics are tightening, a shift in fuel types can be expected. If knowledge
around these shift is obtained and a statistical forecast is available, this can be implemented in the model
by overruling the assigned fuel types to a certain simulated fuel type distribution. This possibility is also
applicable to just one specific vessel type or vessel.

Widely studied subjects in this field are the use of hydrogen as a fuel and battery-powered vessels. Regarding
the zero emissions goal, these systems have a lot of potential since the combustion of hydrogen produces zero
CO; emissions, minimal NO, and PMj( emissions (Port of Antwerp Bruges, 2022) and the battery-powered
vessels even zero (The Maritime Executive, 2022b). This is specifically interesting in ports, since with the
current technology the batteries can only store enough energy for short voyages (hydrogen energy is also
stored on batteries). This is why the first hydrogen and battery-powered vessel types are mostly ferries and
tugboats, which mainly operate in ports. Recently the first zero-emission tugboats and ferries are launched
in the ports of San-Francisco, Navia, Antwerp and Westhafen. This is an interesting reductions strategy to
investigate in this research. Since the model differentiates between vessel types, it is possible to simulate a
switch of a normal tugboat fleet to a zero-emission tugboat fleet, by omitting all tugboats from the model
since their emissions will be zero. The model with tugboats can be compared to a model without tugboats,
and a first estimation of the emission reduction can be quantified.
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Another reduction measure gaining popularity, is the use of shore power (also known as cold-ironing). Nowa-
days, an increasing number of ports are supplying shore power or consider installing shore power. While at
berth, vessels can plug into electrical power from shore to take over the power supplied by the auxiliary en-
gines to save fuel and reduce emissions. By focusing on the power consumption of vessels at berth a shore-
power scenario can be simulated with the developed model, where all vessels or certain vessels or vessel types
can be connected to shore power. The altered model can be compared to the unaltered model, and this way
the reduction in emissions can be quantified.

Legislative measures

It is also possible to simulate legislative measures, like emission limits and regulations. For example, only
allowing vessels in the port with certain engine certifications. A widely used measure in this category is the
speed limit. According Faber et al. (2017), limiting the maximum speed of the global fleet with 10%, reduces
the greenhouse gas emissions by 13%. This measure is interesting when investigating fairways, but not so
much when looking into ports since the speed in ports is already limited.

Of more interest considering ports, is the application of ECAs. Figure 4.2 shows the current ECAs and the
discussed ECAs. From this can be shown that many coastlines are currently considering ECA limits, among
which the Black Sea area. This inspires interest, as our second case study is concerning a port located on
the coast of the Black Sea. The model is capable of quantifying the difference in emissions when ECA limits
apply or not. When applying ECA limits, the sulfur content of the fuel is influenced. This can be varied in
our model. The fuel type allocation procedure of the model also changes, simulating the switch in fuel types
vessels will be making when entering an ECA.

M Baltic/North Sea ECA
M North American ECA
M Discussed ECA's

Figure 4.2: Current and discussed ECAs (Source: Karimpour (2018))

Ship design

A possible way to reduce emissions, is optimizing the ship design. This can be categorized in two parts: op-
timizing the hull and optimizing the engine system. By improving the hull, the hydrodynamic performance
can be improved and the resistance will decrease, leading to lower emissions. By improving the engine sys-
tem, the efficiency can be increased and so emissions can be decreased. The model takes in certain hull
design values (such as the block coefficient and the appendages design), to calculate the resistance. These
values can be altered based on new experiments, however there is no direct way to alter these to simulate a
more efficient hull design. The method makes use of several assumptions to incorporate engine efficiencies.
These are incorporated in the method, such as the engine load correction factor, or processed in for example
the emission factors. For both goes that it is difficult to do alterations to these values to simulate improved
engine efficiencies in a quantitative matter before doing extensive research. They can however, be updated
after additional testing or new insights as long they are of the same form.

Economical changes

To evaluate emission reductions due to economical changes such as an increase or decrease in traffic in-
tensity, changes in fleet composition or shifts between cargo types, a new fictive fleet must be set up. The
same goes for changes in cargo handling times or waiting times. This is not part of this research. However,
once a fleet simulation is done, the simulated fleet can be implemented in the model and the emission esti-
mation can be performed. The simulated fleet must include the position and speed of the vessel at certain
timestamps and the vessel characteristics specified in Section 4.1.1.
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Case study Port of Rotterdam

5.1. The case

With a surface area of approximately 126 km? (including Maasvlakte 2) and an average annual throughput
of 450 million tonnes of cargo, the port of Rotterdam is Europe’s largest port. It is strategically located at the
gateway of the inland waterway network of Europe and has the equipment to handle almost every cargo type
(Port of Rotterdam, 2021).

The port is directly connected to the North Sea and is located inside an ECA. For the developed model this
means that all ships are sailing on their lightest fuel type. It also influences the maximum allowed sulphur
content in the fuel, which is inside ECA’s 0.10% m/m.

5.2. Model input for case study - Port of Rotterdam
The first step of the case study is to set up the model input. This consists of three important components
stated in Section 4.1, which will be addressed.

AIS data and AIS data processing

For this case study two AIS data sets are used: data of the first two weeks of June 2021 (01/06/2021 00:00:00
- 14/06/2021 00:00:00) and data of the first two weeks of January 2022 (01/01/2022 00:00:00 - 14/01/2022
00:00:00). This way the emissions during summer and during winter are observed. To enrich the AIS data,
the At, distance, calculated speed and vessel types are added. For the scope of this research, not all vessel
types are taken into account. The vessels falling outside the ten vessels types stated in Section 2.4 are filtered
out. For the two weeks in June 1137 vessels are remaining, and for the two weeks in January 836 vessels are
remaining. Figure 5.1 shows how many vessels of each vessel type are present in the filtered AIS data.
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(a) Vessel types in Port of Rotterdam June 1 - 14 2021 (b) Vessel types in Port of Rotterdam January 1 - 14 2022

Figure 5.1: Number of vessels per vessel type after AIS data filtering
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Fairway Information System (FIS)

Use is made of an existing FIS graph of the Dutch fairway system. The graph is developed by de Jong et al.
(2021) and is open source. From this graph only a polygon is drawn around the area of the Port of Rotterdam
and only the edges falling inside this polygon are observed. The down-scaling of the FIS graph is done to
spare computational time.

Figure 5.2: FIS graph from de Jong et al. (2021) reduced to FIS graph of Port of Rotterdam area

Sea-web Ships database
The Sea-web Ships database is extracted in April 2022.

5.3. The case study model - Port of Rotterdam

The steps from Section 4.2 are followed to create the model. The steps are repeated below with some remarks
specific for this case study.

A) Create a vessel database
First the vessel database is drawn up. Each vessel with an unique mmsi-number is filtered out and its
characteristics are complimented with data from the Sea-web Ships database. After this, the missing
entries are filled in. A fragment of the vessel database can be found in Section E.1.1 for illustration.

B) Create a trip collection
The enriched AIS data is cut up in trips according the procedure of Section 4.2.2. An example of one
trip from the trip collection can be found in subsubsection E.1.2.1.

C) For each trip in the trip collection:

1y

2)

3)

4)

Project AIS points on edges of FIS network and retrieve water depths and fairway lengths

The closest edge and its water depth and length is assigned to all AIS timestamps. If the FIS graph
contains a water depth for the edge, this value is used in the emission calculations. If the water
depth is unknown, the average water depth of the Port of Rotterdam is assumed, which is approx-
imately 20 meters (World Port Source, 2022).

Determine the energy consumption of the auxiliary engine

This step adds a column with the location of the destination, the operational mode and the energy
consumption of the auxiliary engine to the trip dataframe. An example of one trip from the trip
collection with the auxiliary engine power added can be found in subsubsection E.1.2.2.

Determine the energy consumption of the main engine
This step adds the emissions from the main engines to each timestamp of the trip dataframe.

Calculate emissions (main engine and auxiliary engine)

Here the emissions of the main and auxiliary engines are added up. An example of one trip from
the trip collection with the emissions of all four emission types in g and in g/m can be found in
subsubsection E.1.2.3.

D) Project emissions from trips on FIS network
Now the FIS graph can be plotted with the colors of the edges indicating the amount of of emission on
that edge. The results are shown in the next section.
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5.4. Model output - Port of Rotterdam

5.4.1. Emission statistics

To state the results from the case study in yearly averages, the results of the emission estimation outcomes
of the two weeks in January and the two weeks in June are summed up (this gives a 26 days average). This is
translated to a daily average by dividing by 26 and this is translated to a yearly average by multiplying by 365.
The results are stated in Table 5.1 below. The CO, emissions in the port are approximately 222,000 tonnes per
year, which equals the emissions of 950,000 return flights from London to Rome (Kommenda, 2019). In the
Netherlands, according Our World in Data (2022b) in 2018 approximately 47.17 mega tonnes CO, emissions
came from shipping and aviation. With our emission estimation, the port of Rotterdam would contribute
0.5% to this. With the Port of Rotterdam being one of the largest ports worldwide, this seems rather small.
The port area of interest is determined by drawing a polygon and a time span of two weeks is maintained.
These two variables, makes a great difference in the final results. If few calls or short stops occur in these two
weeks, this is magnified when translating this to yearly averages.

When comparing the emission from June with January, the emissions in June are higher. This could be the
result of seasonal and economical influences causing oscillating throughput and traffic intensities. The Port
of Rotterdam states that the throughput has decreased in the first quarter of 2022 (Port of Rotterdam, 2022c),
which also agrees with the research of Nilsson et al. (2018), who observed a higher density of ship traffic over
the North Sea for the summer season.

Total CO, | Total SO, | Total NO, | Total PM,
Total emissions two weeks January 2864.17 0.97 55.20 0.86
Total emissions two weeks June 12951.95 4.37 244.36 3.83
Estimated daily emission 608.31 0.21 11.52 0.18
Estimated yearly emission 222033.91 74.94 4205.34 65.84

Table 5.1 Estimated emissions in the Port of Rotterdam in tonnes

The emission types are contributing to the total emissions according the ratios stated in Table 6.2. This is
comparable to the ratios derived by the research of Kauffman and Hulskotte (2021) calculating emissions in
all ports in the Netherlands. The share of SO, and P M, emissions are somewhat lower then in 2019. This
difference can be explained by the implementation of the 'IMO 2020 rule’ in 2020, tightening the restrictions
of the sulfur content of the fuel. Due to the lack of information around the scope of the research and the
method, the quantitative numbers are not directly comparable.

Total CO, | Total SO, | Total NO, | Total P M,
Model 98.08 0.03 1.86 0.03
Research of Kauffman and Hulskotte 98.48 0.07 1.40 0.06

Table 5.2 Share of emission type of total emissions [%]
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Emission split in operational modes

The emissions per operational mode are evaluated and shown in Figure 5.3. This shows that for each emission
type, the split between the operational modes is approximately the same. The largest share of emissions is
produced in sailing mode. However, still around 22% of the emissions are produced at berth. Manoeuvring
has the smallest contribution to the total emissions. The research of Starcrest consulting group LLC (2020a)
shows approximately the same split between operational modes, as well as the research of Fu et al. (2017).

CO2 SOx NOx PM1o

At berth At berth
22%

Sailing
48%

Sailing
49%

Sailing Sailing
50% 48%
At anchor
23%

Figure 5.3: Percentage of emissions in each operational mode

Emission split in vessel types

To indicate the emission split per vessel type, their percentage of the total emissions are stated in Figure E.5.
Only CO; is showed for simplicity, the split of the other three emission types is almost similar and can be
found in Section E.2. The four vessel types which are most often visiting the port (see Figure 5.1) are respon-
sible for the largest share of emissions. The contribution to the emissions of tankers seems rather large. This
could very well be the case since the energy consumption of tankers at berth is large. However, in reality this
share will probably be somewhat lower since the energy consumption of tankers at berth is very roughly esti-
mated. To investigate this further, detailed research on the behaviour of tankers at berth must be performed.
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Figure 5.4: Emission split in vessel types in percentage of total emissions
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5.4.2. Emission distribution

To get an insight in the emission pattern in the port, the emissions are projected on the FIS graph, see Fig-
ure 5.5, Figure 5.6, Figure 5.7 and Figure 5.8 for the results of the two weeks in June, the two weeks in January
can be found in Section E.3.
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Figure 5.5: Estimated CO, emissions in the Port of Rotterdam from June 1 - June 14 2021
N
1
I M
‘,‘ » .
. r ¥ 5 \
. !
TS ES S
\
M& ‘-
0 2 5 10 0 100 200
SOx in g/m

Figure 5.6: Estimated SOy emissions in the Port of Rotterdam from June 1 - June 14 2021
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Figure 5.7: Estimated NOy emissions in the Port of Rotterdam from June 1 - June 14 2021
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Figure 5.8: Estimated P M) emissions in the Port of Rotterdam from June 1 - June 14 2021

When comparing the graphs, all the emission types have the highest values at the same edges. In general can
be seen that the main waterway through the port is not responsible for the large emissions, but the peaks
occur at junctions of fairways and in certain port basins. The exception is the port entry. The entry of the
port is a busy fairway, since all vessels are converging here. Due to the high traffic volumes, the emissions are
relatively high at this spot. When zooming in, the edges immediately before and after junctions of fairway
sections or port basin entrances to the main fairway are also showing high emissions (almost red-dots in
Figure 5.5). The locally higher emissions, are probably due to the fact that vessels are slowing down when
approaching a junction. Low speed causes main engines to operate at an inefficient stage and thus emit more
per consumed kWh and the vessels spend more time on the fairway section also leading to higher emissions.
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Low speed also causes the vessel to sail on the fairway section for a longer time and thus emit more. Next, the
port basins with high emissions will be evaluated.
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Figure 5.9: Location of the ports with the highest emissions

The Maasvlakte shows high emissions. This is one of the newest and largest deep-sea ports areas of the Port
of Rotterdam. These terminals can host large container vessels, responsible for large emissions.

The 4e and 5e Petroleumhaven and the Nijlhaven are oil-terminals. These host large vessels, which take
long to load and unload. Due to the their long berthing times these spots will show high emissions. A news
article about the Nijlhaven LNG-terminal stated that the terminal was running on high capacity, since it was
extraordinary busy due to the high oil prices (Port of Rotterdam, 2022b). This peak can be seen in the results
of June 2021 where the edge is marked with high emissions.

The Botlek area contains mainly oil refineries and chemical industry. According Port of Rotterdam (2022a)
this is one of the most busiest fairways of the Netherlands and can host very large vessels like the Aframax,
Suezmax and Panamax, which typically emit more than smaller vessels. Due to the high traffic intensity and
large vessels it is not surprising that this section is marked as an emission hotspot.

The Madroelhaven is mostly used by tugs (Rijksmuseum, 2001). Tugs are likely to drift around until they are
needed somewhere in the port. This can cause high emissions since the main engines are always on. It is
interesting to investigate the behavior of the vessels around these edge.

An emission hotspot is located at the Vopak Terminal Vlaardingen, which is mostly used for storing oils
(Vopak, 2022). The company which owns the terminal recently announced that the terminal will be ex-
panded, which indicates that the terminal is frequently used. The plausibility of an emission hotspot located
in this stand-alone basin, will be examined a little further by down-drilling of the emissions. This demon-
strates the fact that if exceptional emission patterns are discovered, the method is capable of indicating the
source.

Down-drilling procedure Vopak Terminal Vlaardingen

The edge of the fairway section of interest is selected first. The trips of the vessels passing this edge are
indicated and the exact AIS messages spend on this edge are established. This is summarized in Table 5.3.
The table shows that Vessel #3 is responsible for the high emissions at this fairway section. The tanker has
spend over 9 hours at the fairway section. When zooming in on the trip of this vessel, it shows that the vessel is
drifting at a very low speed, see Figure 5.10. Following the decision matrix of the operational mode of a tanker
(Table 3.1), this means the vessel is berthing. When a tanker is berthed, the auxiliary engine determines the
emission and for tankers this is very high. The loading or unloading of this vessel takes over 9 hours and
therefore causes locally a large amount of emissions. When the source of the emissions is known, a reduction
strategy can be opposed. A possible solution to tackle this locally high emissions could be to connect the
vessel to shore power or to shorten the load and unloading time.
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Vessels 1,2 and 4 show other behaviour. The vessels have spend approximately half to one and a half hour
in the port basin and account for a small amount of emissions. Vessel #4 has two trips passing this fairway
section: trip 1 arriving at the basin and trip 2 is the next day leaving the basin. The model has cut up the
trip in two trips, which is probably an accurate assumption since the engines of the vessel were most likely
switched off during this overnight stay.

The down-drilling procedure shows that only one tanker is berthing for a long enough period to load and
unload. While the Port of Rotterdam is a large port and more than one vessel is expected to load and unload
in this basin in two weeks time. The basin only shows short visits, which do not account for large emissions.
If this is a trend during these two weeks, this could also be a possible explanation for the low estimated yearly
emissions discussed in Section 5.4.1.

Vopak terminal - edge (8867982,8864753)

Vessel #1 Vessel #2 Vessel #3 Vessel #4 Vessel #4
trip 1 trip 2
Start time of 31-5-2021 8-6-2021 6-6-2021 8-6-2021 9-6-2021
AIS message 10:41:50+00:00 16:16:21+00:00 19:59:39+00:00 22:19:51+00:00 15:39:59+00:00
Vessel type General Cargo ship | Chemical tanker | Chemical tanker | General Cargo ship | General Cargo ship
DWT 10,000-19,999 40,000-+ 20,000-39,999 10,000-19,999 10,000-19,999
Duration [min] 56.65 85.03 552.12 37.20 29.95
Distance [m] 88.45 57.34 44791 196.85 2.18
Speed [m/s] 0.03 0.01 0.01 0.09 0.001
COy [g/m] 282.51 3781.20 27868.85 71.45 57.52
NOy [g/m] 5.33 71.40 463.61 1.31 1.06
SO, [g/m] 0.097 1.300 9.585 0.025 0.020
PMy [g/m] 0.086 1.148 7.037 0.021 0.017
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Table 5.3 Down-drilling of the emissions of the Vopak Terminal Vlaardingen

(a) Vessel #3 arriving and leaving

Figure 5.10: AIS trajectory of vessel #3 (color indicates speed)
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Case study Port of Constanta

6.1. The case

The port of Constanta has a surface area of 40 km?. This is almost four times smaller than the port of Rot-
terdam. The annual throughput of the port is estimated at 60.37 million tons (PortSEurope, 2021), which is
about seven times smaller than the port of Rotterdam. The port of Constanta is sheltered by two breakwaters
and has a strategic location close to two Pan-European transport corridors providing a good connection to
the hinterland.

The port is located on the western-coast of the Black Sea. No emission control areas are located in the Black
Sea, so no ECA limits apply in the port of Constanta. For the developed model this means that the fuel type a
vessel is using in the port is the most economical fuel type they have onboard. It also influences the allowed
sulphur content in the fuel, which is outside ECA’s between 0.10% and 0.50 % m/m.

6.2. Model input for case study - Port of Constanta
The first step of the case study is to set up the model input. This consists fo three important components
which will be addressed.

AIS data and AIS data processing

For this case study two AIS data sets are used: data of the first two weeks of January 2021 (01/01/2021
00:00:00 - 14/01/2021 00:00:00) and data of the first two weeks of June 2021 (01/06/2021 00:00:00 - 14/06/2021
00:00:00). This way the emissions during summer and during winter are observed. To enrich the AIS data
three columns are added: A¢, distance and calculated speed. The next step is to filter out all the vessels out
of the scope of the research. For the two weeks in January there are 209 vessels remaining, and for the two
weeks in June 213 vessels. Figure 6.1 shows how many vessels of each vessel type are present in the filtered
AIS data.
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Figure 6.1: Number of vessels per vessel type after AIS data filtering
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Fairway Information System (FIS)

No FIS graph is available for this study area, so a new FIS graph is set up manually. This is done by drawing a
system of edges and nodes in the port in Google Earth. This creates a shape-file which will be translated with
Python to a FIS graph. The graph contains information about the length of the edges. The Python code to
create the FIS graph from the shape-dile can be found in Section E1. The final FIS graph is shown in Figure 6.2.

According the Port Authorities of Constanta, tides in the black sea are negligible and the maximum water level
variation due to extreme winds is 0.3 meters (Port of Constanta, 2022). Therefore, the water depth of the port
is for simplicity assumed to be constant over time and space and no manually adding of the water depths
to the FIS graph is needed. The average water depth of the Port of Constanta is assumed as constant water
depth in the port. This is approximately 10 meters (Port of Constanta, 2022).

Figure 6.2: FIS graph of the Port of Constanta

Sea-web Ships database
This case study makes use of the same Sea-web Ships database extraction from April 2022 as the first case
study.

6.3. The case study model - Port of Constanta

The steps from Section 4.2 are followed to create the model, in the exact same manner as described in the case
study of the port of Rotterdam. The steps are stated below with some remarks specific for this case study. For
this case study no example dataframes are presented, since the idea is the same as the example dataframes
from the case study of the Port of Rotterdam.

A) Create a vessel database
B) Create a trip collection
C) For each trip in the trip collection:
1) Project AIS points on edges of FIS network

2) Retrieve water depths and fairway lengths
From the closest edge to the AIS data point the water depth and length are derived. This FIS graph
does not contain any information about the water depths, therefore a constant water depth of 10
meters is assigned to each edge.

3) Determine the energy consumption of the auxiliary engine
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4) Determine the energy consumption of the main engine
5) Calculate emissions (main engine and auxiliary engine)

D) Project emissions from trips on FIS network

6.4. Model output - Port of Constanta

6.4.1. Emission statistics

To state the results from the case study in yearly averages, the results of the emission outcomes of the two
weeks in January and the two weeks in June are summed up (which gives a 26 days average). This is translated
to a daily average by dividing by 26 and this is translated to a yearly average by multiplying by 365. The
results are stated in Table 6.1 below. The yearly CO, emissions in the port are estimated at 110,500 tonnes. In
Romania, according Our World in Data (2022a) in 2018 approximately 420,000 tonnes CO, emissions came
from shipping and aviation. It seems reasonable that according the current emission estimation, the port of
Constanta contributes 1/4 to this.

Total CO, | Total SO, | Total NO, | Total P M,
Total emissions two weeks January | 4273.19 9.43 134.07 2.26
Total emissions two weeks June 3596.29 4.72 66.59 1.14
Estimated daily emission 302.67 0.54 7.72 0.13
Estimated yearly emission 110475.49 198.71 2816.93 47.65

Table 6.1 Estimated emissions in the Port of Constanta in tonnes

The emission types are contributing to the total emissions according the ratios stated in Table 6.2. This is
comparable to the ratios derived by the research of Florin et al. (2018) calculating the yearly emissions from
shipping in the Port of Constanta in 2016. The absolute numbers are incomparable, due to the lack of infor-
mation on the method and scope of the research.

Total CO, | Total SO, | Total NO, | Total P M,
Model 97.30 0.18 2.48 0.04
Research of Florin et al. 95.66 1.53 2.60 0.22

Table 6.2 Share of emission type of total emissions [%]

Emission split in operational modes
The emission types split by operational modes are presented in Figure 6.3. The contribution of the vessels at
berth and at anchor is exceptionally high.
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Figure 6.3: Percentage of emissions in each operational mode

The operational mode ’'berthing’ is assigned when the speed is below 0.5 knots and the vessel is within one
nautical mile from its destination. When looking into the data the speeds from the AIS messages are very
low. Figure 6.4 shows the average speed of each trip. All the speeds are close to zero, with some outliers. For
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this reason, the model identifies approximately 60-70% of the emissions as coming from berthed vessels. The
reason why all vessels have such low speeds is unknown, it could be that few vessel movements occur in the
Port of Constanta and that the vessels are indeed laying still at berth. However, this many berthed vessels
seems rather unlikely. It could also be the result of a disturbed AIS signal.

The other parameter influencing the operational mode is the distance to destination. When looking at Fig-
ure 6.4 one can see that the average distance to destination is also very small. This explains why so few vessels
are categorized as manoeuvring or sailing, since these modes require a distance over one nautical mile (in
combination with higher speeds). The port of Constanta is a small port compared to the port of Rotterdam
where the model seems to identify the modes correctly. The length of the terminals is ranging between the
300 - 800 meters and the length of the port measured from the end point of the breakwater to the deepest
point land inward is approximately 3000 meters (Google Earth, 2022). When the vessel is leaving berth and
should be qualified as first anchoring and then manoeuvring or sailing, the vessel has already almost left the
port by the time it reaches the required 1 to 5 nautical mile from destination. A new run with the same model
but lowered limits of the distance to destination (1 nm lowered to 0.5 nm and 5 nm lowered to 1.5 nm), gave
approximately the same operational mode distribution, which indicates that the main influence in this case
must be the speed. This makes sense since the speeds must be over 3 knots to qualify as manoeuvring or sail-
ing at all. The down-drilling ability of the model is used to check several randomly selected vessel trajectories
for irregularities. These trajectories and a short elaboration on these trajectories, can be found in Section E2.
They all show very low speeds. Half of these randomly selected trips, show very short trip-lengths.
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Figure 6.4: Average speed and distance to destination of all trips in June 1 - June 14 2021

How the model performs on smaller ports, is hard to determine with the available AIS data. The low AIS
speeds are the reason for the wrongly distributed operational modes in this case study. However, when in the
future AIS data is used with higher vessel speeds, the distance to destination could still be a discrepancy of
the model. Further research around the operational modes in smaller ports is necessary.

Emission split in vessel types
To indicate the emission split per vessel type, their contribution to the total emissions are stated in Figure E3
in percentages. Only CO; is showed for simplicity, the split of the other emission types is almost similar and
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can be found in Section E3. The contribution of the general cargo vessels is the largest since these vessels are
by far responsible for the most port visits. However the oil tankers are not visiting often and are the second
largest contributors to the total emissions. This could be due to the fact that tankers emit a lot while at berth
and a large part of the AIS messages is from vessels at berth.
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Figure 6.5: Emission split in vessel types in percentage of total emissions

6.4.2. Emission distribution

To get an insight in the emission pattern in the port, the emissions are projected on the FIS graph, see Fig-
ure 6.6, Figure 6.7, Figure 6.8 and Figure 6.9 for the results of the two weeks in January, the two weeks in June
can be found in Section E4.

When comparing the graphs, all the emission types have the same distributions. In general can be seen that
the main waterway through the port is not responsible for the large emissions, but the peaks occur in certain
port basins. This is due to the high share of emissions of vessels at berth.

Another emission hot-spot is the small corridor leading to the Rhine-Danube corridor, which is a busy fairway
to Central and Eastern European. Due to the high traffic volumes, the emissions are relatively high at this spot.
Next, the port basins with the highest emissions will be evaluated.
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Figure 6.6: Estimated CO; emissions in the Port of Constanta from January 1 - January 14 2021
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Figure 6.7: Estimated SOy emissions in the Port of Constanta from January 1 - January 14 2021
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Figure 6.8: Estimated NOy emissions in the Port of Constanta from January 1 - January 14 2021
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Figure 6.9: Estimated P M) emissions in the Port of Constanta from January 1 - January 14 2021
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The emission hotspots are indicated at the map in Figure 6.10.

The container terminals have high emissions, this corresponds to the fact that the port identifies itself as
A-hub for the container traffic in the Black Sea. The general cargo terminals show high emissions. This is
consistent with the fact that most of the port visits are from general cargo vessels. General cargo vessels and
container vessels are large vessels which cause high emissions.

The oil terminal shows high emissions as well. The loading and unloading of oil products can take a long
time and their equipment requires much energy. However, the emissions from tankers are probably over-
estimated with the model.
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Figure 6.10: Location of the ports with the highest emissions



Emission reduction strategies

Insight in emissions is of importance to find the right strategy to reduce emissions. To demonstrate the possi-
bilities of the model on this aspect, several reduction measures are modeled. How to implement the emission
reduction strategies is briefly discussed in Section 4.4, now they are actually implemented in one of the case
studies.

7.1. Shore power
Since around 22% of the emissions in the port of Rotterdam take place at berth, shore power is an interesting
reduction measure to reduce the emissions in this port.

Recently the port authority of the Port of Rotterdam has drawn up a strategy to connect more vessels to shore
power. Their aim is that in 2030 at least for 90% of the visits of Roll-on/Roll-off, offshore, ferry and cruise
vessels they will connect to shore power, and at least 50% of the visits of container vessels with a TEU capacity
greater than 10,000 TEUs will be connected to shore power. The port authority estimates, that this will lead
to a reduction of 30 to 35 % of CO, and NO, emission for vessels at berth. (Bonte and Castelein, 2020)

To indicate the results of this strategy a model is set up to mimic these circumstances. For this the model
used in the case study of the Port of Rotterdam is adjusted. To reduce computational time, only the two
weeks of January 2022 are examined. The results of the two weeks in January from the original case study will
be compared to a hypothetical case study with shore power. The two weeks of January are divided by 13 and
multiplied by 365 to obtain the yearly averages.

For the hypothetical case with shore power, the strategy of the Port of Rotterdam described in the paragraph
above will be mimicked. The vessels connected to shore power are simulated by setting the power from the
auxiliary engine from ships at berth to zero. This is done for all the vessels registered as 'Passenger ship),
"Passenger ship - cruise’ and 'Ro-Pax ship’. This means that for 100% of the trips they will connect to shore
power in stead of the aimed for 90% by the Port of Rotterdam. For the container vessels an assumption is
made as well. For the size categories '12,000 - 14,4999’, '14,500 - 19,999’ and ’20,000 - +’ the auxiliary engine
power at berth is set to zero. These assumptions will lead to a slight over-estimation of the emission reduction.

The comparison of the original situation without shore power and the new situation with shore power is
summarized in Table 7.1 and Table 7.2 below. When investigating the shore power case study results from Ta-
ble 7.1, it shows that even when being on the conservative side, the emission reduction will be approximately
24% for vessels at berth. This is less than the estimated 30% the port authorities predicted.

When looking at the total emission reduction the percentage is even lower. A possible explanation for this
could be that sailing vessels are responsible for the largest share of emissions. By connecting vessels to shore
power, these emissions are not influenced. Their contribution will now relatively have a larger impact on
the total emissions, since the share of emissions of vessels at berth has decreased. This rationale goes for all
operational modes except berthing (see Figure 7.1). Quantitatively, the emissions of all operational modes
are decreased.
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Total CO, | Total SO, | Total NO, | Total PM;, | Total emissions
Original case 17413.2 6.0 326.7 5.2 17751.2
Estimated yearly emission at berth [tonnes]
Shore power 13295.1 4.6 249.4 4.0 13553.0
Estimated yearly emission at berth [tonnes]
Emission reduction [tonnes] 4118.1 1.4 77.3 1.2 4198.1
Emission reduction [%] 23.6 23.6 23.7 23.7 23.6
Table 7.1 Emission reduction for vessels at berth
Total CO, | Total SO, | Total NO, | Total PM;, | Total emissions
Original case 80417.0 27.3 1549.9 24.2 82018.4
Estimated yearly emission [tonnes]
Shore power 70062.4 23.6 1336.8 20.9 71443.6
Estimated yearly emission [tonnes]
Emission reduction [tonnes] 10354.6 3.7 213.1 3.3 10574.8
Emission reduction [%] 129 13.7 13.7 13.8 12.9
Table 7.2 Total emission reduction
CO2 SOx NOx PM1o
At berth At berth At berth
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Figure 7.1: Percentage of emissions in each operational mode of the simulated shore power case

7.2. Zero-emission tugboats
Zero-emission vessels are gaining interest in the maritime industry. Hydrogen or battery fueled vessels are
especially practical in ports. The two leading zero-emission vessel types are ferries and tugboats. When
looking at the emission distribution of the port of Rotterdam, the Madroelhaven was marked as an emission
hotspot and was mainly used by tugs. The largest ferry terminal is also marked in the figure. No exceptionally
high emissions are detected here. The emissions split per vessel type shown in Figure E.5, where ferries are
falling in the category 'Passenger’, also confirms no high emissions from ferries. The hypothetical case will
therefore be build around zero-emission tugboats.
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Figure 7.2: CO, emissions in the ferry terminal and in the Madroelhaven

The emissions of the port under normal conditions are described eatlier in the case study of the Port of Rot-
terdam. The two weeks of January 2022 are compared to a hypothetical case were zero-emission tugs are
adopted. The comparison is stated in yearly averages based on these two weeks; The two weeks of January
are divided by 13 and multiplied by 365.

In this new case study all tugboats are excluded from the model, since their emissions will be zero. This means
that 63 tugboats of the total 836 vessels are filtered out from the AIS data (7.5 %). The comparison between
the two vessel type distributions can be seen in Figure 7.3. All other circumstance stay the same.
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Figure 7.3: Number of vessels per vessel type comparison of original case to case with zero-emission tugboats

The results of the hypothetical case with zero-emission tugboats are stated in Table 7.3. Replacing all tugs by
zero-emission tugs seems to reduce the emissions by approximately 13%. This is an efficient way of reducing
emissions, however somewhat less efficient than for example connecting a specific group of vessel to shore
power (see the case study about shore power in Section 7.1).



54 7. Emission reduction strategies

Total CO, | Total SO, | Total NO, | Total PM;, | Total emissions
Original 80417.0 27.3 1549.9 24.2 82018.4
Estimated yearly emission [tonnes]
Zero-emission tugboats 70034.8 23.6 1344.2 20.9 71423.5
Estimated yearly emission [tonnes]
Emission reduction [tonnes] 10382.2 3.8 205.7 3.3 10595.0
Emission reduction [/ %] 12.9 13.7 13.3 13.6 12.9

Table 7.3 Estimated emissions with hybrid tugs

When comparing the split in operational modes from this reduction measure with the original case study
(Figure 5.3), this measure has the most effect in the berth and anchor mode, since these percentages have
decreased. However, the expectation is that tugs also consume a lot of energy while manoeuvring, causing
high emissions. By introducing zero-emission tugs, a decrease in the emissions in the manoeuvring mode
would also be expected which does not show from the results. This discrepancy can be due to the method to
estimate the energy consumption of the main engine in which the power prediction method of Holtrop and
Mennen (1982) is used. This method might not be suited to describe the energy consumption of tugboats,
whereas they have very different resistance patterns than other vessels.
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Figure 7.4: Percentage of emissions in each operational mode of the simulated zero-emission tugs case
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When looking at the emission distribution in Figure 7.5, a decrease in emissions in the Madroelhaven can be
observed. This matches with the prediction that the emissions from this terminal were mainly due to tug-
boats. This case study illustrates the purpose of the model well since it is the typical approach of first identi-
fying the emission hotspot with the model, proposing a suitable emission reduction strategy and quantifying
the effect of this strategy with the model.
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Figure 7.5: CO2 emissions in the Madroel haven from the case study with zero-emission tugboats
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7.3. Applying ECA limits

The Port of Constanta shows multiple fairway sections with high emissions. Therefore the port would ben-
efit from an emission reduction measure lowering all emissions gradually. The possibility of applying ECA
limits will be examined. To indicate the potential reduction of emissions when applying ECA limits, a new
hypothetical case is set up. The model composition is the same as the one from the case study performed
in Chapter 6 with some alterations. The fuel types of the vessels are changed from the most economical fuel
type to the lightest fuel type on board. The second alteration is the sulphur content in the fuel, this is changed
to a maximum of 0.10% m/m.

The results of the original case study of the Port of Constanta are compared to the results of the new case
study. This is summarized in Table 7.4. It shows that applying this reduction measure mainly reduces the SO,
emissions. It is a relative easy measure to apply and the effect on the SO, emissions is large. When large cuts
in emissions must be made, applying ECA limits is not the leading strategy and other options for reducing
emissions must be examined. When the SO, emissions must be regulated, this is however a very effective
method.

Total CO, | Total SO, | Total NO, | Total PM;, | Total emissions
Original 119978.1 264.8 3764.3 63.4 124070.6
Estimated yearly emission [tonnes]
Zero-emission tugboats 115187.8 72.4 3898.8 62.3 119221.3
Estimated yearly emission [tonnes]
Emission reduction [tonnes] 4790.2 192.4 1344 1.1 4849.2
Emission reduction [/%] 4.0 72.6 3.6 1.7 3.9

Table 7.4 Estimated emissions when applying ECA limits

Furthermore, these results show that the fuel type allocation of the developed model simulates the reality
well and that changes in the fuel type translate to an effect on the emission outcomes. However a reduction
of SO, emissions of 70% with the model seems somewhat high.
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Discussion

The obtained results are an estimation of the actual emissions. This is due to some limitations of the method
and model. The exact limitations are addressed in this chapter, starting with the method limitations, followed
by the model limitations and a reflection on the results.

8.1. method

A correction for the limited water depth is taken into account in the method, however the effects of a limited
fairway width are neglected. The resistance a vessel experiences is less affected by lateral restrictions than
by depth restrictions. In case of narrow waterway cross sections the effects become larger. Most ports must
accommodate large ocean-going vessels, which need to be able to pass each other and perform manoeuvring
actions. It is therefore likely that not many narrow waterway cross sections occur in ports. However, in port
basins the lateral effects can be quite complex. Also many vessels congregate in ports and passing vessels
influence the flows around surrounding vessels. The effect this has on the resistance is also neglected in this
research. For future studies, it could be of importance to look further into flows around vessels in ports. Also
other external influences on the resistance such as wind and waves are interesting to look at. In this research,
those external influences are neglected since ports are mostly sheltered.

The method takes into account the speed over water, which depends on the currents of the fairway. It means
that when a ship is sailing against the current the speed is smaller than the speed relative to the ground and
vice versa when sailing along with the current. Currents are time-dependent as they vary throughout the day.
Currents are also directional and do not need to be in the lateral direction of the fairway. Detailed data about
currents in ports is not available for each port. Due to the scope of the research and since the method must
be applicable for many ports, the effect of currents is neglected. However, they can be of influence on the
emission estimations since the vessel speed determines the resistance of the vessel. The main engine power
estimates can be improved by taking into account currents, the auxiliary engine power is not effected by cur-
rents as it does not depend on the speed of the vessel. In the operational modes 'berth’ and "anchor’, solely
the auxiliary engine determines the emission of the vessel, meaning that these outcomes are not sensitive
to currents. In ports a large share of the total emissions (approximately 40-50%) comes from vessels oper-
ating in the "berth’ or "anchor’ operational mode and the approach will estimate these emissions accurately.
(Note: the categorization of the operational modes depends on speed over ground and therefore will not be
influenced by currents.)

The number of operational modes considered in this research is four, while in reality many other operational
modes are possible. The assumption of four modes is a simplification of reality. Determining the operational
mode is done by setting criteria for the vessel speed in combination with the distance to its destination.
However, the speed at which a vessel is switching between operational modes, differs per vessel type and size
and captain. This is neglected in this research.

The emission factors used from the IMO are based on tests on different engine types and after this updated
every four years. The last update was in 2020 and new engine types have come on the market since then. The
auxiliary engine power consumption is also based on estimations from the IMO, who have validated these by
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peer-reviewing, verification from experts and validation against noon-reports (International Maritime Orga-
nization, 2021). However, these two characteristics can vary per vessel and are again also dependent of the
behavior of a captain, which leads to an uncertainty in the emission estimation. Furthermore, the values can
change over the years and it is important to evaluate these numbers from time to time. In the current model
the emission factors and auxiliary engine energy consumption values are stated in a separate input file which
can be easily updated so that the model itself does not need adjustments.

In addition to that, the IMO uses the auxiliary energy consumption to estimate emissions of vessels on a
higher abstraction level. They obtained their values by averaging the measurements over vessel types and
operational modes, where there is for example no need to differentiate in the berthing mode between loading
and unloading. However, when estimating emissions in ports this is interesting when considering tankers.
Since no better data source is available, the values of the IMO are considered sufficient for this research. It
might be interesting to look at port-specific values in future studies, since they are a key-input in this research.

The decision matrix for the operational modes is also based on the IMO approach. This approach assumes
that between 1 and 3 knots the vessel is anchoring no matter what distance to destination. This means that
when a vessel leaves berth and in reality is manoeuvring or sailing away from the port basin, it is wrongly as-
signed some time in anchoring mode. This leads to an over-estimation of the share of emissions of anchoring
vessels.

The method is based on the energy consumption of the main engine and auxiliary engine. For tankers this
leads to a limitation since their loading and unloading power is supplied by the boilers. This leads to a sig-
nificant under-estimation of the energy consumption in berthing load, on which is anticipated by adding the
power consumption of the boiler to the power consumption of the auxiliary engine, which assumes that the
boiler has the same engine characteristics as the auxiliary engines. However, this is large simplification and
leads to inaccuracy of the emission estimation of tankers. The method of this research is therefore not suit-
able for this vessel type. A possible recommendation could be to add an approach to estimate the emissions
from boilers to the method.

Besides tankers, the emissions from tugboats have a higher uncertainty than the rest. The power consump-
tion of tugboats is estimated less accurately, since tugboats have deviating operational modes and the power
prediction method of Holtrop and Mennen (1982) is not suitable for the resistance patterns of tugboats. A
different categorization of operational modes should be set up for tugboats, with for example an extra mode
"assisting’. Further research is needed to establish these operational modes and their characteristics for tugs.
To add this eventually to the model, knowledge about the energy consumption of the auxiliary engine must
be available for each mode.

Some vessel types are excluded from the research, as they are not part of the largest emitters. With the right
information about these vessel types, they can easily be added to the research. Their power consumption
must have the same pattern as the current method assumes. The vessel types that in the future could be
added must be large sea-going vessels since their resistance can be calculated with the approach of Holtrop
and Mennen (1982). For example RoRo ships are a welcome addition to the research, where as refrigerated
bulk vessels are less suitable since their cargo requires power.

The assumption that the main engine is turned off when a vessel is berthing or anchoring is not in all cases
true; sometimes a captain leaves the engines idling for a while. The same goes for the assumption that a
captain turns off the engines of a berthing/anchoring vessel after approximately 30 minutes. Human behavior
is hard to include in calculation models and therefore for future research it could be of interest to validate
these assumptions.

Another important assumption is that the vessels always have their auxiliary engines on when they are berthing.
This omits the possibility that the vessel could be connected to shore power. The vessels using shore power
are therefore responsible for an overestimation of the emissions. From the case study in Section 7.1 can be
derived that connecting a group of vessels types to shore power can already lead to a reduction of 13% of the
total emissions. In the future of marine shipping it is conceivable that more ports will install shore power, so
it is important to monitor this trend.
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8.2. Model
8.2.1. Model input

The model input consists of AIS data, a fairway information system and a vessel database. First the AIS data
is discussed.

AIS data

The quality of the AIS data is important. The quality can be affected by technical problems such as signal
disturbance, but a greater unreliability comes from the fact that some data needs to be put in manually by
captains. The transmission of the signal goes automatically, but filling in fields containing vessel character-
istics and switching the transmitter on and off, are the responsibilities of the captain. It is hard to quantify
how many of the entries are wrongly put in. The missing entries are easier to quantify. For example looking
at the AIS datasets used in the case studies, 1.5 to 1.8 % of the vessel lengths and widths are missing, which
is not a large percentage. The vessel characteristic with a somewhat higher unreliability than the others is
the draught of the vessel. The draught varies over time as it depends on how much the vessel is loaded and
external conditions. From practice it shows that most vessels register a constant draught for each trip. This
can well be the case, as most of the trips are going to a destination to load and unload and will not lose any
weight during the trip. For further research, to see if the draught varies over time one could look at two trips
of the same vessel reaching and leaving berth. Another point of interest concerning the AIS data quality are
the low AIS speeds in the second case study of the Port of Constanta. To avoid this in the future, making an
assessment of the quality of the AIS data prior to the data processing, could be of added value to the model.

Retrieving the AIS data is done manually so personal interpretations play a role. The area of interest must be
determined (in this case a polygon needs to be drawn around the port area) and the time span of the data must
be determined. This causes deviations in emission estimation as for example seen in the case study of the
Port of Rotterdam. To compare the quantitative amount of emissions to other researches, a clear definition
of the port area and time span of the AIS data must be stated. Th case study of the Port of Rotterdam shows
that a two week timeframe is to short to quantify emissions. When in the future possibly external influences
are added to the research, the time-dependency of the emissions will become of even more influence.

The vessels from the RoyalHaskoningDHYV AIS data are divided into certain vessel types based on their own
developed categories. It is important to note that when other sources are used, these categories could differ.
In this research the vessel types are divided into ten categories and the ones falling outside these categories
are rejected. Vessels might be assigned an incorrect vessel type, leading to a erroneous emission output or
leading to dismissing the wrong vessels.

Fairway Information System (FIS)

Using an existing FIS graph is convenient and saves a lot of time. However, this is not available for all ports
and the model must be generic for all ports worldwide. This adds an extra step to the model, which comes
with some discussion. Construction of a FIS graph is done manually by adding nodes to a map. This leads
to room for own interpretation. The number of nodes and edges can vary. The more nodes and edges the
more accurate the representation of the fairway but this also leads to more construction and computational
time. It could also lead to a too detailed fairway system making it harder to determine the closest edge to
the AIS data points, which could lead to outliers in the vessel path. Assigning the vessel’s position to an edge
on the graph, is based on the distance of the vessel to the surrounding edges. In ports many surrounding
edges representing bends and junctions are present, making it difficult to determine the correct route of the
vessel over the edges. In general, more information on how to create a FIS graph must be gathered. This will
improve the accuracy of the emission estimation and the projection of the emissions.

The characteristics of the fairway are assigned to each edge. Not all edges contain the needed fairway prop-
erties for the emission calculation. For example, from the FIS graph of the area around the Port of Rotterdam
used in the first case study, 15 % of the edges contain a water depth and for the remaining ones the average
water depth is used. This leads to a higher inaccuracy. However, the model has the ability to take the accurate
water depths into account once the information is available. In reality the water depth does not only vary in
space, but also in time. These fluctuations are neglected in this research. Information about the bottom of the
fairway as well as the water level per a certain time period are needed to take into account these variations.
This will decrease the uncertainty of the emission estimation.

Database
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The database used to retrieve vessel characteristics is the Sea-web Ships database. When relying on one
database, not all characteristics can be filled in. For example, the used database consists of 64,055 vessels
and has 1.76% missing entries. The world fleet consists of 74,505 vessels, so this means that 14% of the vessels
are lacking from the database (The Maritime Executive, 2022a). To improve the model an option for future
research could be to combine information from multiple databases. However, the procedure of filling in the
missing entries seems to suffice since no mistakes in the vessel type patterns are observed.

Most databases are updated daily, weekly or monthly. When applying the model, it is important to make sure
the information is not outdated and to check regularly if more recent data is available. The annual growth of
the world fleet is on average 1.75%, which resembles 567 new vessel per year (The Maritime Executive, 2022a).
At least a yearly update is therefore advisable.

8.2.2. The model

The model starts with creating a vessel database and trip collection. The vessel database saves a lot of com-
putational time. The trip collection cuts vessel trajectories when a vessel is not transmitting a signal for more
than 30 minutes and dismisses trips shorter then one kilometer. This is not the exact representation of reality.
In reality sometimes the signal might be turned off too soon while the engines are still running, or the signal
is turned on too late making the stop longer than 30 minutes. Furthermore, the time before switching of the
auxiliary engine differs per vessel type, this is neglected in this research.

Next, per trip some calculations are performed which starts with determining the operational mode. The
mode is considered to be consistent during each timestamp, however in reality during one timestamp the
vessel can operate in multiple operational modes. This is a case of seconds or minutes, which will have
minor influence on the total results. The model predicts the operational mode well in large ports as the Port
of Rotterdam. In small ports the model seems to predict the modes fairly however, the limits for categorizing
the distance to destination in small ports should be investigated. Based on the conditions (very low vessel
speeds in AIS data), no conclusion can be drawn about the accuracy of operational modes in small ports. It is
recommended to do a sensitivity analysis on the operational modes to see the accuracy of the classification.
This way the "anchor’ mode between berthing and leaving the berth can also be investigated.

8.3. Results

When interpreting the results, a few things must be taken in mind. First of all, the emissions are an estimation
of the actual emissions. Some vessel types and trips are filtered out and their emissions are not added to the
total. The actual emissions will therefore be higher than predicted with the model. The model is expected
to predict approximately 90% of the total emissions, since the vessel types taken into account are estimated
to be responsible for 90 % of the emissions. By adding tugboats the percentage increases, but by dismissing
some of the trips the percentage decreases.

When looking at the case study of the Port of Rotterdam, the quantification of the emissions is off. The port’s
emissions are expected to be a hundred times higher. A plausible reason could be that a mistake is made
in setting up the case study rather than the model itself, as the quantification of the emissions of the case
study of the Port of Constanta is in the right order. Other aspects that could have influenced the outcome is
that not a clear definition of a port area is outlined. This might lead to inclusion or, in this case, exclusion of
certain edges and emissions compared to other researches. The chosen time span is also of influence on the
emission totals. When looking at the case study of the Port of Rotterdam, the down-drilling procedure shows
three tankers making a short stop and only one tanker making a elaborate stop. For such a large port, more
takers are expected to pass this edge and more time at berth during these stops is expected. By taking a large
timescale (more than four weeks) these effects probably even out more.

The Port of Constanta shows higher estimated emissions per meter fairway (dark shaded fairway sections)
than the Port of Rotterdam, while the Port of Rotterdam has twice the amount of yearly emissions. This is
probably due to the surface area over which the emissions are spread out. The Port of Rotterdam is three
times larger, but only shows twice the number of estimated yearly emissions.



Conclusions

This research is conducted to answer the following question:

How to estimate vessel emissions in ports using AIS data in order to identify emission distribution patterns
and evaluate emission reduction strategies?

To formulate a concrete answer, the question is divided into sub-questions. In this chapter, we look back
on the performed research and address the answers to these sub-questions to see what conclusion can be
drawn.

How can a method be developed for estimating emissions in ports in space and time?

A bottom-up approach is the best suitable method to estimate the emission of a single vessel in space and
time. This type of approach can take into account data about vessel characteristics and geographical infor-
mation of the study area. This leads to a detailed approach with the ability to evaluate emissions on a smaller
scale, like in a port. With a bottom-up approach use can be made of local real-time data, which aligns well
with the goal of this research.

To derive the emission rate of a vessel, the fuel or energy consumption of the engine is multiplied by a vessel-
specific emission factor. These emission factors are derived from research of the International Maritime Or-
ganization (2021), since these can be applied to vessels in ports all around the world. The fuel-based approach
is used to estimate CO, and SO, emissions, of which the emissions are directly proportional to the fuel con-
sumption and therefore depend on the engine load. The energy-based approach is used to estimate NO, and
P Mo emissions, of which the emissions can not be directly related to the fuel consumption but depend on
engine characteristics. The fuel consumption is determined by multiplying the energy consumption of the
engine with a fuel consumption factor specific to each vessel, meaning the fuel consumption is related to the
energy consumption.

The main engines and auxiliary engines are the main emission sources on board of a vessel. The emissions of
a single vessel in space and time are therefore estimated as the sum of the emissions of the main engine and
the auxiliary engine. A method to estimate both emissions separately leads to a more accurate result, than
for example assuming the auxiliary engine emissions as a percentage of the main engine emissions. Splitting
these two emission sources makes it also possible to determine targeted emission reduction measures. For
tankers, the boiler emissions at berth are also considerable, since tankers use their boilers intensively to heat
the cargo and drive the unloading pumps. The power consumption of the boilers at berth is added to the
auxiliary engine’s power consumption, which assumes that the engine characteristics of the boiler and the
auxiliary engine are the same. In reality, this is not the case and therefore, the emissions of these vessels
estimated with the current method followed in this research are less reliable.

The energy consumption of the main engines depends on the resistance a vessel experiences from sailing
through the water and is therefore related to the vessel’s speed. The research of Holtrop and Mennen (1982)
provides a good resistance estimation based on vessel speed. This estimation is however limited as it does
not take into account fairway restrictions. The method of Zeng et al. (2018) is applied to account for the effect
on the resistance of a limited water depth. The effect of wind and waves is expected to be limited in ports,
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since they are most of the times sheltered. The effect of currents are neglected in this research. However, they
are considerable and the method can be improved by taking these into account.

The resistance of the vessel times the speed and taking in the efficiencies of the engine, gives the energy
consumption of the main engine. Meaning that when a vessel is sailing at low speed, it requires less energy.
However, in ports the vessel’s speed alone is not a good indicator of the energy consumption, since this ne-
glects the amount of energy the auxiliary engines consume. Their energy consumption is dependent on how
much energy the electrical systems of a vessel require at that moment, which can be high when a vessel is for
example at berth or manoeuvring. Therefore, the energy consumption is related to the operations a vessel
performs. This leads to an approach which takes into account the vessel’s resistance and operational modes.

According to the operational mode, the main engine power consumption is estimated zero when the vessel
is laying still, or calculated with the method of Holtrop and Mennen if the vessel is sailing. The IMO provides
values for the energy consumption of the auxiliary engine during different operational modes.

The emissions must be displayed in such a manner that the emissions in ports can be derived and emission
patterns can be observed. This is done by developing a model, containing the algorithms to calculate the
emissions according the described method per vessel at each timestamp and subsequently projects them on
a fairway network of a port. The emissions must be displayed per meter fairway to avoid that long fairway
sections show high emissions due to the fact that vessels spend more time on this section.

What aspects of a vessel movement in a port should be distinguished when evaluating emissions of a vessel
in a port?

As mentioned before the emissions of the main engine are related to the vessel speed. However, in ports the
emissions of the auxiliary engines are also important. These emissions are related to the operations a vessel
performs. The different types of operations are called 'operational modes’ and should be distinguished from
an AIS track a vessel is sailing.

The operational modes are categorized based on speed, since the energy consumption of the main engine is
speed-dependent. Speed alone is not good enough to determine the operational mode, since slow speeds do
not indicate whether a vessel is just slowly sailing or manoeuvring. To encounter this the operational modes
are related to the distance of the vessel to its destination. It is assumed that at the end of each trip the vessel is
berthing to load and unload cargo. Close to the berth, the vessel will encounter operations like manoeuvring
or anchoring (to wait for the berth) and further away or when reaching higher speeds, the vessel is classified
as ’sailing’

Based on previous research, different categorizations in operational modes are made based on vessel speed.
They all have the same scope comprising ’sailing’, 'manoeuvring’ and ’hotelling’. In ports it is important to
make a distinction in the hotelling-mode between ’at anchor’ and "at berth’ since these two operations both
occur in ports and require a different power consumption of the auxiliary engine. They occur at different
locations influencing the spatial emission distribution. When a ship is berthing or anchoring it is assumed
that the main engine is turned off and the auxiliary engine is on to power the vessel’s electrical systems.
When a vessel is manoeuvring or sailing the power consumption of the main engine is estimated based on
the vessel’s resistance according the method of Holtrop and Mennen (1982). The auxiliary engine power
consumption will have a smaller contribution in these modes.

What data is needed for developing a model to estimate emissions?

To determine emissions, data about the speed and location of the vessel, data about vessel characteristics
and data about fairway characteristics is necessary. The vessel characteristics in combination with the speed
and location of the vessel and the fairway characteristics are needed to determine the operational mode and
resistance of a vessel. The fairway characteristics and the location of the vessel in time are also needed to
visualize the emission patterns.

This data is presented to the model in the form of a vessel database, a trip collection and a FIS graph. The
vessel database includes the characteristics of the vessels present in the AIS data. These characteristics are
derived from the Sea-web Ships database and some characteristics, as the dimensions of the vessel, are de-
rived from the AIS data itself. When entries are missing, a statistical procedure is used to fill these in.

The trip collection consists of the trajectories of all vessels which are cut up in trips. The trajectory is split into
two when a ship has reached berth and the engines are turned off. Practice and previous research show that
when a vessel is laying still for more than 30 minutes, the engines are most likely switched off. For creating
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the trajectories and cutting them up in trips, the Python package MovingPandas is used. Ships shorter than
one kilometer are considered unrealistic and are rejected.

The FIS graph is a collection of nodes and edges resembling the fairway network of a port. This graph contains
the fairway characteristics needed to calculate the resistance. The calculated emissions will also be displayed
on the FIS graph for a detailed insight in the emission distribution in space.

How can emissions patterns in a port be estimated and how can important emission sources be identified
with the developed method?

To derive the emission patterns in a port, the results of the model will be displayed as a projection on a FIS
graph. By coupling them to the FIS graph, the emissions can be addressed per fairway section and more
accurate insight in the emissions distribution is delivered. The emissions per timestamp are coupled to an
edge of the FIS graph and the emissions of all trips are summed up. The emissions are visualised by plotting
each edge according an assigned color scale related to the sum of emissions in g/m. Displaying the emissions
per meter fairway, is to avoid that long fairway sections show high emissions due to the fact that vessels spend
more time on this section. The emission totals can be plotted or the emissions of one single trip or vessel can
be plotted.

The fairway sections which are subjected to high emissions can be identified immediately based on their
color and so the emission hotspots can be identified. Due to the ability of the model of down-drilling to
a single vessel in space and time, a vessel or a group of vessels responsible for the emissions at a certain
hotspot can be identified. Identifying an important emission source offers the possibility to design targeted
emission reduction strategies.

To provide extra insight in the emission patterns in a port, the model is also capable of deriving a distribution
of emissions in operational modes and vessel types. This can be done by adding up the emissions of all
timestamps with the same operational mode or vessel type.

How can the effects of emission reduction measures be quantified with this method?

By indicating the location and source of the emission hotspots, targeted emission reduction measures can
be taken. Several strategies are discussed in the report. The most suitable strategies for ports are established
and the measures which require additional research or a AIS data simulation, are not tested with the model.
The model has the capability to take in simulated AIS data of a fictive fleet, since the model takes in real-time
AIS data which can be replaced by simulated AIS data. However, due to the scope of this research, setting up
a simulation is too comprehensive so to demonstrate reduction strategies another approach is used. Since
a bottom-up model is created, which deviates between operational modes and vessel types, very detailed
modifications can be made to the model to simulate measures on the real-time fleet. Specific vessel types can
be modified, but also for example all vessels at berth can be modified, or a combination of the two options.
These groups are then excluded from the model, which will create a fictive fleet but with unaltered AIS paths.
These fleet adjustments may lead to changes in the behaviour of vessels. This is neglected with the current
approach, but this could be modeled in an extensive simulation as mentioned earlier.

The current approach is applied to three case studies about emission reduction measures. The first strategy
concerns installing shore power. The model is able to simulate vessels connected to shore power, by setting
their emission rate at berth to zero. This simulation is compared to the original situation without using shore
power. Out of the evaluated reduction measures, this seems the best strategy to reduce emissions since it
shows the largest reduction of the total emissions. Besides that, it is an effective measure especially for ports,
since the largest emissions reduction takes place at berth. The second evaluated strategy shows also good
results and is about switching from a normal tugboat fleet to a zero-emission tugboat fleet. The model simu-
lates this switch by eliminating all the tugboats from the fleet since their emissions will be zero. This new case
is compared to the original situation with normal tugboats. The third option to reduce emissions is applying
Emission Control Area (ECA) limits which do not seem to have a lot of effect on reducing emissions except for
the SOy emissions. This is derived from comparing the original situation without ECA limits, to a new case
study where a situation with ECA limits is simulated. This means that the fuel types of the vessels are changed
from the most economical fuel type to the lightest fuel type on board and that the sulphur content in the fuel
is altered.

How does the method perform when applied on AIS data of global ports?
The performance of the method is tested by two case studies on two different ports. The case studies show
that the developed model provides an insight in the emission distribution patterns in a port. The fairway
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sections which are subjected to high emissions can be identified immediately and so the emission hotspots
can be determined. The model provides the ability for down-drilling, due to which the source of the emission
hotspot can be identified. The results of the case studies show the capability of the model for down-drilling
to vessel types, operational modes and all the way down to a single vessel in space and time.

By the down-drilling to operational modes in the case study in the Port of Constanta, the model shows a high
number of berthed vessels. The model assigns these modes due to low vessel speeds and thus performs as
expected on this front. However the sensitivity of the model to the distance to destination in small ports can
therefore not be checked. Further research is needed to draw a conclusion. The Port of Rotterdam shows
reliable results around the categorization of the AIS messages in operational modes.

The quantity of emissions is hard to validate since the scope of previous and upcoming researches is most of
the time different. The port of Constanta shows a good quantification of the emissions. However, the emis-
sion estimation of the Port of Rotterdam is far from the expected amount of emissions. The quantification of
emissions is assumed to be unreliable and further research is needed to validate these.

By indicating the exact location of the hotspot and identifying the cause of these high emissions by down-
drilling, a concrete reduction strategy can be set up. The strategies can be simulated with the developed
model and the effect of these measures can be quantified by comparing the emission reduction strategy to
a situation without these measures. Three strategies are proposed and tested with the model in three sep-
arate case studies. The first strategy concerns installing shore power, the second strategy shows the effects
of switching from a normal tugboat fleet to a zero-emission tugboat fleet, and the third strategy showed the
effects of applying ECA limits. These case studies showed that the model has the ability to evaluate specific
emission reduction strategies. However, the zero-emission tugboat fleet case study showed that the emis-
sions of tugboats must be subjected to further research, as applying this measure did not show a decrease in
emissions during manoeuvring. This could be due to the fact that the operational modes maintained in this
research do not seamlessly coincide with the operations of tugboats.

With the sub-questions answered, the research question can be answered:

How to estimate vessel emissions in ports using AIS data in order to identify emission distribution pat-
terns and evaluate emission reduction strategies?

A bottom-up method is developed to estimate CO;, SO, NOx and P M emission of a single vessel in space
and time. This is done breaking down the emissions of a vessel into emissions coming from the main engines
and the auxiliary engines. The contribution of both engines is operational mode-specific. Four operational
modes are established and assigned to each timestamp based on speed and distance to destination, both de-
rived from the AIS data. The emissions from the main engine are based on a resistance calculation method
and the emissions from the auxiliary engines are based on values provided by the IMO. The resistance cal-
culation takes into account the characteristics of the vessel from a vessel database and characteristics of the
fairway from a FIS graph.

The developed model makes use of AIS data, local waterway properties, empirical emission factors and op-
erational modes. This data is used in a physics based method to estimate the resistance and the energy
consumption. If this information is available, all this combined makes the approach in principle applicable
to any port.

The developed model provides an insight in the emission distribution patterns and provides the ability for
down-drilling to find the source of the emission hotspots. A targeted emission reduction strategy can be
proposed and the model performs well when modelling the effect of these measures. The quantification of
the emissions must however be subjected to further research.
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Recommendations

10.1. Recommendations for emission reduction strategies

Many emission reduction strategies are possible of which some are discussed in this report. The model is
capable of running with simulated AIS data. Further research on how to simulate fleets is required before
applying the model to this and therefore this research does not include recommendations of emission reduc-
tion strategies based on simulated fleet data. Three measures suitable for reducing emissions specifically in
ports are established providing three case studies of emission reduction measures.

The emission reduction measure with the largest impact is the installation of shore power. It can be used to
target specific vessel types and the effects show a decrease locally since only the vessels at berth are effected.
Combining these two characteristics, emission hotspots can be targeted very efficiently. Also almost all vessel
types can be connected to shore power. This way the port basins which are marked by the model as emission
hotspots can be tackled. To reduce emissions in ports this reduction strategy would be recommended. The
investment costs can be a drawback, since they are high and need to be paid by the port itself or sometimes
with financial support of municipalities. Applying regulations does not bring costs for these stakeholders.
The regulations however, do affect the shipowner companies as some vessels need to be re-equipped. When
discussing regulations not only ECAs can be considered, but other rules and sub-mechanisms, like emission
taxes could encourage captains and shipbuilders to reduces their emissions. However the effect of such mea-
sures is limited. For example, applying ECA limits is only very effective at reducing SO, emissions. When
stricter regulations around sulphur emissions are drawn up, this is a relative easy method to reduce these.

To reduce emissions, an option often looked at is the use of cleaner fuels. Adopting zero-emission tugboats
showed that the emissions in all operational modes were reduced. However the model applied to tugs comes
with a higher uncertainty, so the before applying this measure more research needs to be done.

As the results from the case studies showed that high emissions are caused by the larger vessels, here great
strides can be made. This can be achieved by decreasing the time of these vessels in the port. This can be
achieved by decrease the loading and unloading time and keeping port delays to a minimum. It is also advised
to connect these specific groups of vessels to shore power.

From the case study results is also concluded that fairway junctions are often emission hotspots. Therefore,
when designing a port, it must be kept in mind that junctions between fairways cause higher emissions, so
these should be kept to a minimum.

Small changes can lead to big reductions. Every little bit helps, when working towards a climate neutral

industry.

10.2. Recommendations for future research

As in any research, there is always room for improvement. Based on the limitations of the model several
recommendations are supported.
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The method does not take into account the effect of currents. The main engine power consumption esti-
mation can be improved by taking currents into account in further research. Currents variate in space and
time and are directional. Therefore, detailed data about currents at different locations in the port is needed
to improve the method.

The water depth also varies in time and space. The depth is of influence on flows around a vessel. The
bathymetry of the port is needed and multiple water height measurement locations must be evaluated. The
information must also be available for the time span the emissions are calculated in.

This study focuses on the ten vessels which are responsible for the largest share of emissions. The model can
be improved by adding more vessel types to the calculation. Note that information about the characteris-
tics of the vessel types must be available. RoRo ships would be suggested as first addition since their power
consumption patterns fits well with the method used in this research. The research has shown that tankers
do not follow this power consumption patterns and the approach for these vessels must be adjusted. It is
recommended to add an approach for estimating emissions from boilers. Furthermore, the emission pat-
tern of tugboats needs further examination as it could not be demonstrated that the split of emissions into
operational modes is correctly.

With developing the method, several assumptions have been made. The behavior of captains is generalized
by setting limits for turning on and off the engines and AIS transmitters. Also tugboat assistance is of influence
on the emission patterns of a vessel. Studies about the behaviour of captains and vessels in ports could be of
great value when determining emissions.

By improving the input data, the model will improve as well. When all vessel characteristics are known a more
accurate estimation of emissions can be done. This study uses data from the Sea-web Ships database. A rec-
ommendation could be to combine multiple databases, to reduce the number of missing vessels and entries.
The energy consumption estimates and emission factors from the IMO can also be evaluated. Although ex-
cessive testing is done by the IMO, more accurate ways to measure these are becoming available. The values
changes change over time, so frequently updating the values is advised.

Lastly, the computational time can be reduced. This can be achieved by smart coding solutions, like object-
based programming, or running parts of the model simultaneously or with different programs. AIS data is
becoming more widely available and its quality is improving rapidly, therefore it is likely that the size of the
datasets will increase as well.
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Appendices






Energy consumption of the main engine

A.1. Resistance calculation

The total resistance a vessel experiences is the sum of multiple resistance components (see Equation 3.5).
These components are explained in the following sections.

A.1.1. Frictional resistance Ry

The frictional resistance component is caused by the friction of the water acting on the entire wetted area of
the hull. This force is dependent on the wetted surface area (S), the velocity profile, the surface roughness
and water viscosity. The function according the ITTC-1957 friction formula becomes:

1
Rf:cfgpvozs A1)
With:

Ry = frictional resistance [N]

* Cy =friction coefficient [-]

* p =density of water [kg/m?®]

* 1 = velocity of the vessel [m/s]

* S =wetted surface area [m?]
The friction coefficient is estimated according the method from ITTC57 and is explained in subsubsection A.1.1.2.
The density of water in ports is ranging from 1025 kg/m3 close to the harbour entrance (sea water) to 1000

kg!m? further inland (fresh water). To keep this method widely applicable the average is taken of these val-
ues.

It must be noted that in this equation the velocity of the vessel must be stated with respect to the water
(speed through water). However, since currents are neglected due to the scope of this research, the speed
over ground is used.

The wetted surface area is determined according the method of Holtrop and Mennen and is explained in
subsubsection A.1.1.1.

A.1.1.1. Wetted surface area S B A
S=L@2T+B)yCp (0,453 +0.4425 Cg —0.2862 Cps — 0.003467? +0.3696 pr) + 2.38% (A.2)
B

With:
o S =wetted surface area [m?]
¢ L =length of the vessel [m]
e T =draught of the vessel [m]
B =width of the vessel [m]
Cy = midship section coefficient [-]
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* Cp = block coefficient [-]

* Cyp = waterplane area coefficient [-]

e Apr = transverse sectional area of the bulb [?]

The block coefficient is the ratio between the underwater volume of the vessel’s hull to a rectangular block
underwater with the same length and width of the vessel’s underwater dimensions and the depth of the rect-
angle equal to the draught of the vessel. The block coefficient varies strongly per vessel type. For each of the

vessel types a typical block coefficient is derived from MAN Energy Solutions (MAN Energy Solutions, 2018).

Vessel Type Cp
Bulk carrier 0.8
Oil tanker 0.805
Chemical tanker 0.74
Liquefied gas tanker 0.7
Container ship 0.66
General cargo ship 0.775
Passenger ship 0.6
Passenger ship - Cruise | 0.65
Ro-Pax ship 0.6
Tugboat 0.5

Table A.1 Vesseltypes and their corresponding block coefficients

The midship section coefficient and the waterplane area coefficient both depend on the block coefficient.
These coefficients are determined with formula of Schneekluth and Bertram (1998):

Cp = 1.006 - 0.0056C5>>° (A.3)
1+2Cp
Cup=—3 (A4)

The transverse sectional area of the bulb is calculated with the following formula:

Apr=Cpp BT Cy (A.5)

Where Cpp stands for breadth parameter which represents the ratio of the maximum breadth of the bulb area
to the beam of the vessel (Bg/Bys). The breadth parameter typically varies between 0.17 and 0.2. In this
study no detailed information of the bulbous bow is available, hence for simplification a value of 0.19 for all
ocean-going vessels is maintained.

A.1.1.2. Friction coefficient Cy

The dimensionless friction coefficient is determined with the ITTC57-method. This method neglects flow
and waterway restrictions, which is in reality not the case in ports. For simplification, the lateral waterway
restrictions are not taken into account, since they are generally of less influence. However, the limited water
depth in ports is of large influence and can therefore not be neglected (see Section 2.2.3). For this reason, a
modification is made by Zeng et al. (2018) to take in shallow water effects.

The original friction resistance correlation line defined by ITTC57, is as follows:

co - 0075 a6
707 (logR. - 2)2 :
In which R, is the Reynolds number which can be calculated according:
VoL
Re=— (A7)
v

With L being the ship length and with v the kinematic viscosity which is assumed to be 10~6m?/s.

The modification made by Zeng et al. (2018) is based on a regression analysis performed on Computational
Fluid Dynamics calculations. This method leads to a frictional resistance coefficient for deep water (D/L
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> 1) and a proposed frictional resistance coefficient for shallow water (D/L < 1). The proposed frictional
coefficient can not be used directly, because also the non-horizontal wetted surface areas need to be taken
into account. The frictional resistance coefficient for deep water needs no further alternations and can be
described with:

c _0.08169 A8)
deep = (JogR, — 1.717)2 '
The final modified frictional resistance coefficient for shallow water is:
Sp (V12
Cf,shallow = CfO + (Cf,proposed - Cf,Katsui)_ (_) (A.9)
S W

With the proposed frictional resistance coefficient for shallow water as:

c _ 0.08169 ( N 0.003998 (D )—1083) (A.10)
foproposed = 156 R, 17172\ " (logR.—4.393)\ L '

And the frictional resistance coefficient of a flat plate in unrestricted conditions determined with Katsui’s line
as:

0.0066577

C = All
fRatsui =150 R, — 4.3762)4 (A1)

In which:
a=0.042612 logR, +0.56725 (A.12)

The other variables are:
e Sp=L*B = area of the flat bottom which is [1?]
* V1 = corrected velocity of the vessel, velocity under the ship’s bottom [m/s]
e D =h-T =water depth minus draft of the vessel [m]

The corrected velocity underneath the bottom of the ship is determined by Zeng et al. (2018) with linear
regression on empirical data. The formula derived is:

| —0.07634
Vi =0.4277 Vy exp((?) ) (A.13)
The formula is only valid for h / T < 4. If h / T > 4 the velocity under the vessel bottom remains uncorrected

(V1 = V).

A.1.2. Viscous resistance 1 + k;

Viscosity is the resistance of the fluid to changes in shape. It quantifies the internal frictional force between
adjacent layers of fluid that are interacting. A high viscosity means lot of interaction between fluid particles.
This gives a high frictional resistance of the vessel. The viscosity is taken into account by multiplying the
frictional resistance (Ry) with a form factor (1 + k1). The form factor is calculated according the method of
Watson (1998), which is an updated version of the formula determined by Holtrop and Mennen:

1+k; =0.93+0.487cy4 (%)1068 (2)0.461 (

L \0.122 . 13,0.365
o &) (3

o ¥ a- Cp) 000 (A.14)
R

With:
* 1+ k; =form factor [-]
* )4 = coefficient accounting for the specific shape of the after body [-]
e L =length of the run [m]
e A =water displacement [m3)

* C, = prismatic coefficient [-]
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The prismatic coefficient can be expresses as a ratio between the block coefficient and the midship section
coefficient:

Cp
Cp=—L (A.15)
Cm
The coefficient c14 can be calculated according Watson (1998):
14 =1+0.0011 Cszern (A.16)

With the coefficient Cy;.,, depending on the shape of the after body according:

-25 to -20 for a barge-shaped after body

= -10 for an after body with V sections
= 0 for a normal shaped after body
= +10 for an after body with U sections and Hogner stern

For simplification, all vessels are assumed to be normal shaped, hence Cg;.,, is equal to zero. This leads to a
c14 of one.

The length of the run is the length of the immersed shaped stern. This can be calculated according Holtrop
and Mennen (1982):

LeeLa—c, + 208Cr lcb) A1)
= - + — "

K R ToR

With Icb the longitudinal position of the centre of buoyancy forward (+) or in the direction of the stern (-).

this can be calculated according Saha and Sarker (2010):

lcb=-13.5+19.4C, (A.18)

To calculate the water displacement the block coefficient (Cp) is necessary. The formula is (Schneekluth and
Bertram, 1998):

A=CpLBT (A.19)

A.1.3. Appendage resistance R,
The appendage resistance component accounts for the extra frictional resistance caused by the appendages
of a ship. It is expressed as follows (Holtrop and Mennen, 1982):

Rapp=0.5p V¢ Sapp(L+ky) Cy (A.20)

With:
* Rapp = appendage resistance [N]
* Supp = wetted area of the appendages [m?]
¢ 1+ ky = appendage resistance factor [-]

The equivalent (1 + k) value for a combination of appendages is determined according Holtrop and Mennen
(1982):

(1+ka)eq = 2+ k)Sare (A.21)
ZSapp

Filling this in in Equation A.20 means that the part 'Sapp(1 + k2)’ equals the sum of all appendage types
surface areas times the appendage type resistance factor. The appendage resistance factor and surface area
differs per appendage type. A distinction is made for single-screw and double-screw vessels. For single-screw
vessels the appendage components having the most influence on the total appendage resistance are the bilge
keels and the rudders. For double-screw vessels the important components are the balance rudders and the
shaft brackets (the shafts itself have a small surface area and are therefore neglected). For cruise vessels the
stabilizer fins are also considered. The resistance factors are stated in Table A.2 and are determined by Holtrop
and Mennen (1982).
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Appendages (1 + k2) value
Rudder behind skeg 1.5-2.0
Rudder behind stern 1.3-1.5
Twin-screw balance rudders | 2.8
Shaft brackets 3.0
Skeg 1.5-2.0
Strut bossings 3.0

Hull bossings 2.0
Shafts 2.0-4.0
Stabilizer fins 2.8
Dome 2.7
Bilge keels 14

Table A.2 Approximate (1 + k2) values

For single screw vessels the sum of the rudder and bilge keel components is derived. As a rule of thumb the
surface area of a rudder is approximated as 1.5 % of the underwater lateral area of a ship (L * T) (Bertram and
Volker, 2012). The appendage resistance coming from the rudder component is 1.5 * 0.015 * L * T with the
factor 1.5 representing the resistance factor derived from Table A.2. An average bilge keel is approximately
20 centimeters in width but does not reach over the entire length of the vessel, for this reason the area of the
bilge keel is estimated a little smaller than 0.2 times the LOA and is estimated as 0.15 * L. The total appendage
resistance coming from the bilge keel is then 1.4 * 0.15 * L. This gives the following sum for single-screw
vessels:

For single screw vessels:
Sapp (1+k2)eq=(1.5%0.015x L+ T+1.4%0.15% L) (A.22)

For double-screw vessels the sum is derived of the twin-screw balance rudders and shaft brackets compo-
nents. The surface area of a rudder multiplied by two since it is a double-screw vessel. The total appendage
resistance coming from the rudders is 2.8 * 2 * 0.015 * L * T with the factor 2.8 derived from Table A.2. For
convenience it is assumed that four shaft brackets are present. The surface is estimated as a the area of trian-
gular shape. The triangle reaches over the whole draught and sticks out approximately 30 centimeters. The
area of one shaft bracket is multiplied by four and by the resistance factor of 3.0. This gives the following sum
for double-screw vessels:

For double-screw vessels:

1
Sapp (1 +k2)eqg=(2.8%2%0.015% L* T+3.0%4 * 3 *0.30%T) (A.23)

For cruise vessels the stabilizer fins are added to this. The average size of stabilizing fins is determined by Kim
and Kim (2011) after a survey on modern cruise vessels and is approximately 50 m?. With the (1 + k»)-factor
2.8 derived from Table A.2 this gives the following equation for cruise vessels:

For (double-screw) cruise vessels:

1
Sapp (1 +k2)eqg=(2.8%2%0.015% L T+3.0%4* 3 *0.30 % T+ 50 % 2.8) (A.24)

A.1.4. Resistance due to limited water depth - Karpov method

Additional resistance is caused by the fact that the water depth is limited. When a ship sails in limited water
depth it reaches its critical speed sooner and when approaching the critical speed the resistance increases. In
subsubsection A.1.1.2 a correction is applied to the frictional resistance according the method of Zeng et al.
(2018). This correction is also necessary for the non-frictional resistance components, since the wave pattern
of the vessel changes in shallow water, leading to a change in the wave making resistance. This correction
is made by applying the Karpov method (Terwisga, 1989). This method replaces the actual speed (1)) of the
vessel with a corrected speed V. The corrected speed can be determined with:

Vo
a**

v, = (A.25)
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With a** as a function of the depth Froude number and ratio between the depth of the fairway and the draft
(h/T). The depth Froude number can be calculated according:

Vo

Jah

The figure below (Figure A.1) shows the a** coefficient for different h/T ratios. The h/T ratio closest to the
occurring h/T ratio is chosen. With the function corresponding to that line and with the determined Froude
number, the alpha is calculated. With the calculated a** the corrected speed can be determined which will
be used in the resulting resistance calculations.

Fry = (A.26)

The figure is derived from the research of Segers (2020). For each h/T curve, an 6th order polynomial approx-
imation in Excel is applied to determine the a** for each corresponding depth Froude number. The resulting
equations for each h/T ratio are implemented in the model.

a** as a function of the depth Froude number (Karpov method)
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Figure A.1: Karpov method: estimation of @** based on the depth Froude number Fry, for different h/T ratios

The formulas corresponding to each curve from Figure A.1 are stated in the table below (Table A.3). These
formulas are used as input for the model.
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A.1.5. Wave-making and wave breaking resistance R,

A vessel creates waves when moving through water. This wave results in additional resistance the vessel
needs to overcome: the resistance component 'wave-making and wave breaking’ The height of the wave is
determined by the speed of the vessel; a higher vessel speed results in a higher wave. A higher wave on its
turn results in a higher wave resistance.

When approaching limited water depth, the wave resistance increases even more. Therefore the calculation
of R, makes use of the corrected speed for shallow water (V>) determined in the section above (Section A.1.4).
Therefore the Froude number used in this calculation changes to:

V2
V8L

The calculation is split up in three parts: an approach for Ry, Rw2 and Ry3. The choice for which of the
three componentsis used, depends on the Froude number. For Fr < 0.4 the approach for Ry is followed, and
for Fr = 0.55 the approach for Ry, is followed and for Froude numbers between 0.4 and 0.55 the approach
for Ry3 is followed. The latter one only takes in the Ry, Ry and the Froude number mentioned earlier.
(Sarris, 2011)

FI‘VZ = (A.Z?)

For Fry, <0.4: mi 0+ mycos(AFr2) (A.28)

Rw1 =ci1coc5Apge

For Fry, > 0.55: iy _
V2 Ruo = C17C C5Apgem3FrVg +mscos(AFr,3) (A.29)

For 0.4 < Fry; <0.55: 10Frvo —4)(Rwo — R
Rus = R + ( V2 1)(5 w2 — Rw1) (A.30)

With:
* Ry =wave resistance [N]
¢ ¢; = coefficients [-]
¢ A =water displacement (Equation A.19) [m?3]
e m; = coefficients [-]
e Fry, = Froude number based on corrected speed [-]
¢ ) =wave-making length [-]

The coefficients c and m will be explained in the section below (subsubsection A.1.5.1).
The wave-making length depends on the ratio between L and B:

ForL/B<12: L
A=1.446Cp - 0.03E (A.31)

For L/B > 12:
orL/B> A =1.446C,, - 0.036 (A.32)

A.1.5.1. Coefficients c; and m;
Coefficient c; (Holtrop and Mennen, 1982)
The first coefficient in the formula for Ryy; is ¢1:

T11.07961
) (90 — i) 137165 (A.33)

c1 = 2223105 ¢}

With ig as the half angle of entrance in degrees, which represents the angle of the waterline at the bow:

_ [,10.80856 030484 0.6367 ( LR 1034574 (100 A 0.16302
i =1+89 exp(—(E) (1= Cup)®384(1 - C, - 0.225 Ich) (E) (T) ) (A.34)
The coefficient c; depends on the ratio between B and L according:
For B/L<0.11: B0.33333
cr= 0.229577(2) (A.35)

For0.11 <B/L < 0.25: B
c7 = I (A.36)
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For B/L > 0.25: B
c;=0.5—- 0.0625z (A.37)

Coefficient c2 (Holtrop and Mennen, 1982)

The ¢, coefficient account for the reduction on the wave resistance caused by the presence of a bulbous bow:

= e 1WVG (A.38)

With ¢3 determining the influence of the bulbous bow on the wave resistance:
15
Agr

56
BT (031 Apr+T—hp)

0y = (A.39)

The variable hp describes the position of the centre of the transverse area Ap7 above the keel line. The value

for hp should not exceed the upper limit of 0.6 T. For simplicity the centre is assumed to be positioned in the
middle of the vessel, so that 7 =0.5T.

Coefficient c5 (Holtrop and Mennen, 1982)
The c5 coefficient accounts for the transom stern influence on the wave resistance:
0.8 Ar

c5=1- A.40
5 BT Cy ( )
With Ar the immersed part of the transverse area of the transom. This is assumed to be 0.2 B T.
Coefficient c;; (Sarris, 2011)
The coefficient c¢;7 can be estimated according:
A \2.00977 /[ 1.40692
_ -1.3346
c17 =6919.3 Cy) (ﬁ) (E ~2] (A41)
Coefficient my (Holtrop and Mennen, 1982)
The coefficient m; is described as:
L 1/3 B
my =0.0140407 — —1.75254—— —4.79323 — — 15 (A.42)
T L L
In which ¢;¢ depends on the prismatic coefficient:
For Cp <0.8:
P c16 =8.07981 Cp — 13.8673 C3 +6.984388 C5 (A.43)
For Cp >0.8:
c16 =1.73014—-0.7067 Cp (A.44)
Coefficient m4 (Sarris, 2011)
The coefficient my is described as:
my=0.4 5 o 0034 Fr‘sfgg (A.45)
In which ¢;5 depends on the ratio between L and A:
For L3/A < 512:
c15 = —1.69385 (A.46)
For512 < [*/A <1727 L
I3 —8
( A3 )
c15 =—-1.69385+ —— A.47
15 536 ( )
For L3/A > 1727:
Cl5 = 0 (A.48)
Coefficient mg (Sarris, 2011)
The coefficient mg is described as:
B10.326869 , T\ 0.605375
ms = —7.2035(2) (E) (A.49)
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A.1.6. Residual terms RB» RTR) RA

The residual resistance terms according Holtrop and Mennen (1982) consist of three terms: the additional
pressure resistance of the bulbous bow near the water surface (Rp), the additional resistance caused by the
immersed transom stern (Rrg) and the model-ship correlation resistance (Ry4).

A.1.6.1. Bulbous bow resistance Rp
The additional resistance caused by the presence of a bulbous bow near the surface is expressed as follows:

Capp-2
_011e PR Adpg

Rp= (A.50)
B 1+ Fr
m
With:
¢ Rp =bulbous bow resistance [N]
¢ Pp =emergence of the bow [-]
¢ Frim = Froude number based on the immersion [-]
The emergence of the bow can be expressed as:
0.56v A
pg= BT (A.51)
T—-1.5hg
The Froude number based on immersion can be calculated according:
Vo
Frim= (A.52)
V8 (T = hp = 0.25y/Ap7) +0.15V7
A.1.6.2. Immersed transom stern resistance Ry
The resistance of the immersed transom stern is calculated according:
Rrr=0.50V{Arcs (A.53)

With the coefficient cg dependent on the Froude number based on the transom immersion. For Frr > 5 the
coefficient cg is assumed zero. For Fry < 5 the coefficient can be determined according:

¢c6=0.2(1-0.2Frr) (A.54)

The Froude number based on the transom immersion can be determined according:

V
Frr= 2 (A.55)
V28A7T(B+BCyp)
A.1.6.3. Model-ship correlation resistance R 4
The model-ship correlation resistance is expressed as:
1.2
Ra= EVZ SCx (A.56)
With the correlation allowance coefficient C4 as:
Ca=0.006(L+100)*® - 0.00205 +0.003V'L/7.5 Cpc2(0.04 — c4) (A.57)
With the coefficient ¢, depending on the ratio between T and L:
ForT /L <0.04: T
Cy= I (A.58)

ForT /L >0.04:
¢y =0.04 (A.59)
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A.2. Efficiency components

The calculation of the energy consumption of the main engine takes in some efficiency components. To get
from the effective power (P,) to the delivered horse power (P,;), the open water efficiency of the propeller, the
relative rotative efficiency and the hull efficiency need to be determined. In the same manner, to get from the
delivered horse power (Py;) to the brake horse power (Pp), the transmission efficiency and gearing efficiency
need to be determined.

A.2.1. Open water efficiency ),

The open water efficiency describes the propeller efficiency when working on open water. With open water
is meant a homogeneous wake field with the hull of the vessel disregarded. This efficiency is dependent on
many propeller characteristics (such as the thrust force, the number of blades, the disk area ratio, etc.) which
are hard to derive from the available AIS data. Typical values for open water efficiency vary between 0.55 and
0.7 (MAN Energy Solutions, 2018). A value of 0.6 is assumed for all vessel types to be on the average though
conservative side.

No=0.6 (A.60)

A.2.2. Relative rotative efficiency 1,

The relative rotative efficiency of the propeller accounts for the losses of the propeller relative to the open
water situation. Compared to open water flow conditions, the flow is not constant and the wake field is not
homogeneous. The efficiency differs for ships with a single and double propeller arrangement. Typical values
for relative rotative efficiency are 1 - 1.07 for ships with a single screw and approximately 0.98 for ships with
two screws. For ships with a single screw a value of 1 is assumed (MAN Energy Solutions, 2018).

The number of screws depends on the vessel type. For vessels which require high efficiencies, the number
of screws is typically one. For vessels which require a high reliability or smooth manoeuvring, two or more
screws are needed. The AIS data provides the number of screws for each specific vessel.

For singl Is:
or single screw vessels ny=1.0 (A.61)

For double screw vessels: N, =0.98 (A.62)

A.2.3. Hull efficiency 1,

The hull efficiency accounts for the interaction between the hull and the propeller. It describes the ratio
between the amount of work required to tow a certain hull at a given speed to the amount of work required
to drive it with a certain propeller. The efficiency can be expressed as (Terwisga, 1989):

_ 10t (A.63)
Nh= T—w .
With:
e 1y, = hull efficiency [-]
¢ ¢ =thrust deduction coefficient [-]
¢ w =wake fraction coefficient [-]
A.2.3.1. Wake fraction coefficient
The wake fraction coefficient is expresses as:
0.16 A3

w=011—2~Cp - Aw (A.64)
X

N
With:

¢ w =wake fraction coefficient [-]

¢ x =number of screws [-]

D, = diameter of the screw [-]

Aw = velocity correction coefficient [-]
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The diameter of the screw can be approached with a rule of thumb. For single-screw ships 0.7T - 0.8T is
typical, for double-screw ships 0.6T - 0.7T. For simplicity both values are assumed to be 0.7T.

The velocity correction coefficient depends on the Froude number. If Fr < 0.2 the velocity correction coeffi-
cient is zero. If Fr < 0.2 the coefficient is 0.1. The Froude number can be calculated with:

Vo
Fr= (A.65)
V8L
A.2.3.2. Thrust deduction coefficient
The thrust deduction coefficient depends on the number of screws:
For single-screw vessels: t=0.6w(l+0.67w) (A.66)
For double-screw vessels: £ =0.8w(l+0.25w) (A67)

A.2.4. Gearing efficiency 7
The gearing efficiency takes into account the losses at the shaft and the gearbox. A typical value for the gearing
efficiency is 0.96 (Watson, 1998).

1ng=0.96 (A.68)



Energy consumption of the auxiliary
engine

The values for the power demand of the auxiliary engine are derived from research of International Maritime
Organization (2021). This research states that they based these values on the following approach:

Updating the values from the Third IMO GHG Study (Smith et al., 2015).

Starcrest’s Vessel Boarding Program (VBP) reports from 2012 to 2018 (Starcrest Consulting Group LLC,
2020):

Provides operational data from more than 1,200 different ships allowing for a representative sample
of their powering needs. Ship types that are monitored include containers, bulk carriers, tankers of
different types, Ro-Ro, cruise, general cargo among others. This study also has access to on-board data,
albeit, for a reduced number of specific ships, for fuel consumption and power output.

Auxiliary engine and boiler fuel consumption data provided by ClassNK:

Provides hourly observations for the auxiliary machinery power demanded on-board liquefied gas tankers
converted to energy consumption.

Auxiliary engine fuel consumption provided by continuous monitoring data:

Provides hourly observations for the auxiliary machinery power demanded on-board liquefied gas tankers.
The hourly observations provide speeds and main engine maximum continuous ratings, allowing for
the auxiliary engine power output to be classified per operational modes.

Expertise/Professional judgement from experts on the field:

The tentative power output for both auxiliary engines and boilers at different operational modes have
been sent to ship operators and experts to fine-tune the numbers.

After adding the power consumption of the boilers to the power consumption of the auxiliary engines for the
three tanker types, the final power consumption values are stated in the table below.
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. . .. | Auxiliary Engine Power Output (kW)
Ship Type Size Unit Atberth | Anchored | Manoeuvring | Sea
Bulk carriers 0-9,999 dwt | 110 180 500 190
10,000-34,999 110 180 500 190
35,000-59,999 150 250 680 260
60,000-99,999 240 400 1100 410
100,000-199,999 240 400 1100 410
200,000-+ 240 400 1100 410
Chemical tankers 0-4,999 dwt | 780 170 190 200
5,000-9,999 1000 490 560 580
10,000-19,999 1330 490 560 580
20,000-39999 2140 550 900 660
40,000-+ 2140 550 900 660
Container ships 0-999 TEU | 370 450 790 410
1,000-1,999 820 910 1750 900
2,000-2,999 610 910 1900 920
3,000-4,999 1100 1350 2500 1400
5,000-7,999 1100 1400 2800 1450
8,000-11,999 1150 1600 2900 1800
12,000-14,499 1300 1800 3250 2050
14,500-19,999 1400 1950 3600 2300
20,000-+ 1400 1950 3600 2300
General cargo ships 0-4,999 dwt | 90 50 180 60
5,000-9,999 240 130 490 180
10,000-19,999 720 370 1450 520
20,000-+ 720 370 1450 520
Liquefied gas tankers 0-49,999 cbm | 1240 240 360 240
50,000-99,999 2700 1700 2600 1700
100,000-199,999 4000 2000 2300 2650
200,000-+ 9750 7200 7200 6750
0il tankers 0-4,999 dwt | 750 250 375 250
5,000-9,999 1125 375 560 375
10,000-19,999 1940 500 580 490
20,000-59,999 3420 520 600 510
60,000-79,999 3870 490 770 560
80,000-119,999 4800 640 910 690
120,000-199,999 9000 770 1300 860
200,000-+ 9500 770 1300 860
Passenger ships 0-299 gt 190 190 190 190
300-999 190 190 190 190
1000-1999 190 190 190 190
2000-+ 520 520 520 520
Passenger ships - Cruise | 0-1,999 gt 450 450 580 450
2,000-9,999 450 450 580 450
10,000-59,999 3500 3500 5500 3500
60,000-99,999 11500 11500 14900 11500
100000-149999 11500 11500 14900 11500
150000-+ 11500 11500 14900 11500
RoPax ships 0-1999 gt 105 105 105 105
2000-4999 330 330 330 330
5000-9999 670 670 670 670
10000-19999 1100 1100 1100 1100
20000-+ 1950 1950 1950 1950
Tugboats 0-+ gt 100 80 210 80

Table B.1 Power output auxiliary engine per vessel type and size (International Maritime Organization, 2021)




Base emission factors

The base emission factors used in this research are derived from fourth IMO greenhouse gas study (Interna-
tional Maritime Organization, 2021). The EFj, . for each emission type is dependent on certain fuel char-
acteristics and engine characteristics. The method to determine the correct base emission factor for each
individual vessel is described in detail in this appendix.

C.1. Base emission factor CO,
The base emission factor for CO, is fuel based. To determine the EFj ;. the fuel type of the vessel must be
known. The corresponding emission factor can then be derived from Table C.1.

Fuel type EF CO,
[g CO, /g fuel]
HFO 3.114
MDO 3.206
LNG 2.750
Methanol 1.375

Table C.1 Base emission factor for CO» for different fuel types

C.1.1. Fuel type

The IHS database has two categories for the fuel type of the vessel: 'Fuel Type 1’ and 'Fuel Type 2. The first
fuel type is the lightest fuel type registered to the vessel. Due to the scope of this research it is assumed that
when a vessel is sailing in port area located inside an ECA, it operates on its lightest fuel type.

If the lightest fuel type is registered in the IHF database as 'HFO’ and the vessel is sailing in an ECA, this is an
outdated entry since the vessel must comply with the 0.1% m/m stringent ECAs since 2020. All these vessels
are assumed to have switched to 'MDQO". This is a generalisation and it must be noted that also other low-
sulphur fuel oils can be used to comply with the 0.1% m/m stringent ECAs, but the share of these fuel oils was
(in 2018) less than 2% and is therefore neglected in this research (International Maritime Organization, 2021).

When the port is not located inside an ECA, the vessel will most likely not sail on the lightest fuel but on
the most economical fuel. When more than one fuel is allocated to the vessel, a representative main fuel
is allocated. This allocation procedure is based on conditional logic. Table C.2 describes the possible fuel
arrangements and the logic behind the main fuel type allocation. In the database the fuel type 'LPG’ and
"Ethane’ occur. LNG, LPG and Ethane are used for many of the same applications so for simplicity of the
research the fuel types LPG and Ethane are replaced by LNG. It is important to note that the use of scrubbers
is neglected in this research, so the emission of vessels operating on HFO is over estimated.
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Main Fuel | Condition Explanation
HFO Fuel Type 1 or Fuel Type 2 is 'Residual | HFO is the cheapest fuel on the market. When
Fuel’ the port area is not inside an ECA, a vessel hav-
ing this fuel on board is economically seen most
likely to use HFO.
Exception: When the vessel type is 'Liq- | These vessels are allocated LNG.
uefied gas tanker’ and the engine type is
"Turbine’
MDO Fuel Type 1 and Fuel Type 2 is 'Distillate | The vessel only has distillate fuel on board, so no
Fuel’ other fuel can possibly be used.
Fuel Type 1 or Fuel Type 2 is 'Distilled | The vessel has only reported distillate fuel, so no
Fuel’ and the remaining column is 'Not | other fuel can be assigned.
Applicable’
Fuel Type 1 is ’Coal’ and Fuel Type 2 is | Coal is not able to compete with distillate fuel
'Distillate Fuel’ in terms of costs and energy. The vessel is most
likely to be sailing the largest part of the trip on
distillate fuel.
LNG Fuel Type 1 is 'Lng’ and Fuel Type 2 is | Based on the cost of the investment to make
‘Distillate Fuel’ a vessel operating on distillate fuel compatible
with LNG, it is most likely that LNG is used to
earn back the costs.
Fuel Type 1is 'Lng’ and Fuel Type 2is 'Not | The vessel has only reported LNG fuel, so no
Applicable’ other fuel can be assigned.
Fuel Type 1 is 'Gas Boil Off’ and Fuel Type | Gas Boil Off engines use LNG as fuel.
2 is 'Distillate Fuel’
Fuel Type 2 is 'Gas Boil Off’ Gas Boil Off engines use LNG as fuel.
Vessel type is 'Liquefied gas tanker, en- | Aliquefied gas tanker with a steam turbine uses
gine type is 'Turbine’ and Fuel Type 1 or | LNG
Fuel Type 2 is 'Residual Fuel’
Methanol | Fuel Type 1 is 'Methanol’ (and Fuel Type | Methanol is likely to be more widely used in the
2 is in this case always 'Distillate Fuel’) nearby future.
Nuclear Fuel Type 1 is 'Nuclear’ and Fuel Type 2 is | All vessels in this category are passenger vessels
‘Distillate Fuel’ or cruise vessels with a high power demand. To
supply enough energy, nuclear fuel is the most
likely main fuel.
Fuel Type 1 is 'Nuclear’ and Fuel Type 2is | The vessel has only reported nuclear fuel, so no
"Not Applicable’ other fuel can be assigned.
Coal Fuel Type 1 is 'Coal’ and Fuel Type 2 is | The vessel has only reported coal as fuel, so no
"Not Applicable’ other fuel can be assigned.
Hydrogen | Fuel Type 1is 'Hydrogen' and Fuel Type 2 | All vessels in this category are passenger vessels

is'LNG’

or cruise vessels. This fuel type is used for short
distances.

Table C.2 Main fuel type allocation procedure

C.2. Base emission factor SO,
The base emission factor SOy is fuel based. To determine the EF . the fuel type of the vessel must be
known. The emissions factor is determined directly from the fuel sulphur content according to International
Maritime Organization (2021):

EFs5p, =2+ 0.97753 * sulphur content in fuel

(C.1)

The formula shows a factor 0.97753 because 97.753% of sulphur in the fuel is converted to SO, (the other
2.247% is converted to sulphate aerosols which is part of particulate matter). The factor 2 comes from the
ratio of the molecular weight of SO, to sulphur because, for ship emissions, the vast majority of SOy is SO,
(International Maritime Organization, 2021).
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The sulphur content in fuel depends on if the vessel is sailing inside or outside an emission control area, due
to the newly implemented “IMO 2020” rule. This rule limits the sulphur in the fuel oil used on board ships to
0.50% m/m (previous limit of 3.5%) and within defined emission control areas the limits were already stricter
(0.10%). Due to this stricter requirements there has been a shift in the average sulphur content in fuels and
the annual world sulphur content averages from preceding years can not be used. The most recent research
is the sulphur monitoring program for 2020 done by the IMO. This report gives an average yearly sulphur
content for three categories: fuel oil not exceeding 0.10% (fuel used inside the emission control areas), fuel
oil not exceeding 0.50% but above 0.10% (fuel used outside the emission control areas) and fuel oil exceeding
0.50% (fuel oil used in conjunction with equivalent means). These values are stated in Table C.3.

Category | Inside ECA Outside ECA In conjunction
<0.10% | >0.10to < 0.50% > 0.50%

HFO 0.1216 0.4556 2.5558

MDO 0.0564 0.2126 0.5210

Table C.3 Average sulphur content per fuel type in 2020 [%]

With Equation C.1 and the average sulphur content, the emission factors for SO, are calculated. The values
are stated in Table C.4. Dependent on in which area (inside an ECA or outside an ECA) the investigated port
is located, the corresponding column is used. Most European ports are likely to handle the < 0.1% sulphur
content requirement. Ports in other places around the world are slowly adapting towards the < 0.1% sulphur
content requirement.

The values exceeding 0.5% do not represent the actual amount of sulphur (or particulate matter) emitted
in the atmosphere since the vessels using fuel with this sulfur content are most likely to have scrubbers.
However, the use of scrubbers is neglected in this research. It is of importance for future research to evaluate
this trend, since neglecting scrubbers will cause an over-estimation of the actual amount of SOy (and P M)
emissions.

EF SO,
[g SO, / g fuel]
Fuel type | Inside ECA Outside ECA
<0.10% >0.10 to < 0.50%

HFO 0.0023774 0.0089073
MDO 0.0011027 0.0041565
LNG 0.0000317 0.0000317
Methanol 0.00264 0.00264

Table C.4 Base emission factor for SOy, for different fuel types

C.3. Base emission factor NO,

The base emission factor for NO, is energy based. The age dependency, captured in the tiers (Section C.3.2),
and the engine speed dependency (Section C.3.1) are the criteria for determining the emission factor. Further
it is necessary to determine if the vessel is fuelled with LNG, Methanol or any other fuel type, since for first
two fuels different values apply. When these characteristics are known, the corresponding emission factor
can be determined with Table C.5, Table C.6 and Table C.7.
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EF NOy

[g NO, / kWh]
Engine type Tier 0 | Tier1 | Tier2 | Tier3
SSD 18.1 17 14.4 3.4
MSD 14.00 | 13.00 | 10.5 2.6
HSD 10.00 | 9.8 7.7 2.0
Auxiliary Engine | 11.2
Turbine 4.2

Table C.5 Base emission factor for NOy for all fuel types except Methanol and LNG

EF NO,
[g NO, / kWh]
Engine type Tier 0 | Tier1 | Tier2 | Tier3
Methanol-SS | 18.1 17 14.4 34
Methanol-MS | 14.00 | 13.00 | 10.5 2.6

Table C.6 Base emission factor for NOy for fuel type Methanol

EF NO,
[g NO, / kWh]

Engine type Tier 0 | Tier1 | Tier2 | Tier3
LNG-Otto-SS 1.30

LNG-Otto-MS 1.30

LNG-Diesel 18.10 | 17.00 | 14.40 | 3.40
LBSI 1.30

Auxiliary Engine | 1.30

Turbine 1.30

Table C.7 Base emission factor for NOy for fuel type LNG

C.3.1. Engine type and speed
The engine speed of the vessel depends on the engine type and the RPM. The following classification is used
in this research:

0il engines
The oil engines are all vessels from the IHS database which have stated 'Oil’ in the category 'engine type’.
These can be divided into three engine speed groups depending on their RPM:

» Slow-speed Diesel (SSD): All vessels with oil engines which have an engine speed of < 300 RMP are
considered slow-speed engines. Slow-speed diesel engines are the most common engines and therefore
SSD is the default engine type when no RPM is known and the engine type is 'Oil’.

* Medium-speed Diesel (MSD): All oil engines with an engine speed between 300 and 900 RPM are clas-
sified as MSD.

» High-speed Diesel (HSD): All oil engines with an engine speed > 900 RPM are classified as HSD.

LNG engines

All vessels from the IHS database which have according stated 'LNG’ as fuel type (determined according the
procedure from Section C.1.1) are considered to have an LNG engine. The LNG engines can be subdivided
into four groups:

¢ LNG-Otto SS: Engines that fall in this category operate similar to the Otto cycle and are two-stroke,
dual-fuel, slow-speed engines. These engines are either manufactured by Wirtsild and have an 'X’ or
'DF’ in their model name or are manufactured by MAN Energy Solutions and have '"ME-GA’ as model
name. In this research, the engines are identified by their model names.
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¢ LNG-Otto MS: Engines that fall in this category operate on the Otto cycle and are four-stroke, dual-fuel,
medium-speed engines. The engines are identified by having the number four in the category 'Engine
Stroke Type’ and have an engine speed over 300 RMP (with exception of LBSI engines). LNG-Otto MS
engines are the most common LNG engines and are therefore the default engine type when the engine
is unclassified and the engine type is 'LNG’.

¢ LNG-Diesel: Engines that fall in this category operate on the Diesel cycle and are two-stroke, dual-fuel,
slow-speed engines. These engines are only manufactured by MAN Energy Solutions and have 'ME’ in
their model name. These engines are identified by their model name, but the 'ME-GA’ (described in the
LNG-Otto MS section) engines are excepted.

¢ LBSI: Engines that fall in this category run on only natural gas (mono-fueled) and operate similar to
the Otto cycle. The engines are four-stroke, medium-speed engines and are called 'lean burn spark
ignition’. These engines are mainly manufactured by Rolls-Royce/Bergen, but to a lesser extend also by
Mitsubishi and Hyundai. The latter two manufactures are neglected and the engines are identified by
having 'Rolls-Royce/Bergen’ in the category 'Engine Design’.
Other engines
Other engines that do not fall under the above named categories are:

¢ Methanol: Engines that fall in this category are methanol fueled (determined according the procedure
from Section C.1.1). They can be subdivided into slow speed and medium speed when their engine
speed is < 300 RPM and > 300 RPM respectively.

¢ Gas and steam turbines: Engines that fall in this category have stated 'turbine’ in the category 'engine
type’. Vessels that are classified with slow speed and medium speed oil engines but have the fuel type
‘gas’ are considered gas turbines and therefore also fall in this category.

* Sail: Engines that fall in this category have stated ’sail’ in the category 'engine type. These vessels are
not part of this research as they do not emit any greenhouse gasses.

¢ Batteries: Engines that fall in this category have stated 'Batteries’ in the category 'engine type’. These
vessels do not emit any greenhouse gasses and are therefore neglected in this research.

* Non-propelled: Engines that fall in this category have stated 'non-propelled’ in the category 'engine
type’. These vessels do not contribute to the emission of greenhouse gasses and are therefore not part
of this research.

C.3.2. Engine tier

The engine tier is depending on the construction year of the vessel. Vessels constructed after the 1st of January
2000 must comply with a maximum NO, emissions. These requirements became stricter throughout the
years, so the construction year of the vessel determines which tier the vessel must comply with. To assign a
tier to each vessel the category 'Year’ from the IHS database is used. The classification is as follows:

Tier | Construction year

0 Before 1st of Jan 2000
I After 1st of Jan 2000
11 After 1st of Jan 2011
111 After 1st of Jan 2016

Table C.8 Classification of Tiers

Tier III is only applicable for vessels operating inside the nitrogen emission control areas, if not the case
then tier II applies. Tier 0 is a non-existing category in the MARPOL regulation but used to identify vessels
constructed before 2000 on which tier regulation do not apply if the vessels have a displacement < 90 liters
per cylinder and rated output < 5000 kW. If this is not the case, Tier I regulations apply.

C.4. Base emission factor P M

The base emission factor for P M is energy based. To determine the EFj . the fuel type, engine speed and
construction year class (determined in Section 3.3.1) of the vessel must be known.

The base emission factors are given per construction year class in Table C.9, Table C.10 and Table C.11.
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Engine type Fuel type EF PMy
[§ PMio / KWh]
SSD HFO 1.4
MDO 0.18
MSD HFO 1.4
MDO 0.18
HSD HFO 1.4
MDO 0.17
Turbines HFO 1.42
MDO 0.145
Auxiliary Engine | HFO 14
MDO 0.17

Table C.9 Base emission factor for P Mjg for the construction year class 'Built before 1984’

Engine type Fuel type EF PMg
[g PMyo / kWh]
SSD HFO 1.39
MDO 0.18
MSD HFO 1.39
MDO 0.18
HSD HFO 1.4
MDO 0.18
Turbines HFO 1.42
MDO 0.145
Auxiliary Engine | HFO 14
MDO 0.18
LNG-Otto-MS LNG 0.02
LBSI LNG 0.02

Table C.10 Base emission factor for PMj for the construction year class 'Built between 1984 and 2000’

Engine type Fuel type EF PMg
[g PM]() / kWh]
SSD HFO 1.39
MDO 0.19
Methanol 0.14
MSD HFO 1.39
MDO 0.18
Methanol 0.14
HSD HFO 1.39
MDO 0.18
Turbines HFO 1.42
MDO 0.15
LNG 0.03
Auxiliary Engine | HFO 1.369
MDO 0.18
LNG-Otto-MS LNG 0.02
LNG-Otto-SS LNG 0.02
LBSI LNG 0.02
LNG-Diesel LNG 0.02

Table C.11 Base emission factor for P Mg for the construction year class 'Built after 2000’



Missing entries vessel database

When vessels in the vessel database have missing entries they are filled in according the procedure described
in this Appendix. The missing entries in the database are allocated based on vessel type and size category of
the considered vessel. All possible missing entries and the corresponding procedure to fill this characteristic
in, are one by one described. At the end of this Appendix, tables with all characteristic values for each vessel
type is stated.

D.1. Deadweight tonnage

All vessel characteristics depend on the size category of the vessel and therefore the deadweight tonnage of
the vessel. Only a few percentage of the vessels are lacking a deadweight tonnage entry, but for each vessel
type specifically an appropriate estimate for the missing entries is determined. The number of vessels in each
size category is counted and divided by the total vessel from that vessel type. This gives the probability that a
randomly drawn vessel from this vessel type is from a certain size category. This method reflects the current
fleet. The probabilities are summarized in Figure D.1 for each vessel type.

When a vessel is lacking the deadweight tonnage, a random number between 0 and 1 is drawn and according
to the probability distribution a size category is assigned.
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Figure D.1: Deadweight distribution per vessel type

It must be noted that for future research it would be an improvement to correlate the DWT to the dimensions
of a vessel. However in the Sea-web Ships database these were unavailable.

D.2. Number of screws

The number of screws of a vessel is estimated based on statistics from the vessels of the same vessel type and
size category of which the number of screws is known.

The total number of vessels of which the number of screws is known is determined first, subsequently the
vessels having one screw are counted. With these values know, the probability of a vessel having one screw is
calculated. The same procedure is repeated for vessels having two, three, four, five and even six screws.

The missing entry in the database is filled in by drawing a random number between zero and one, and accord-
ing the determined probability distribution the number of screws is assigned. To illustrate this procedure, an
example is stated below.

For this example the probabilities of the Bulk Carrier class from size category '0 - 9,999’ are stated in the
Table D.1. First a random number is drawn, if this number is between 0 and 0.6977 the vessel is assigned one
screw, if the number is between 0.6977 and 0.9985 the vessel is assigned two screws, if the number is between
0.9985 and 1 the vessel is assigned three screws.

X=2
0.3008

x=3
0.0015 0 0 0

x=1
0.6977

Number of screws
Probability

Table D.1 Probabilities of the number of screws for the Bulk Carrier size class '0 - 9,999’

D.3. Build year

The build year of the vessel is determined by fitting a distribution on the data of vessels of the same vessel
type and size category of which the build year is known.
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Approximately forty common distributions are fitted to the data. By means of the sum-square error (SSE)
the best fit is determined. When examination the outcome, the distribution occurring the most times as
best-fit is the double Weibull distribution. The double Weibull is a very flexible distribution. The formula of
the distribution function is given in Equation D.1. For x < 1 the double weibull is equivilant to the Weibull
distribution (which is commonly used as a lifetime distribution (Reliawiki, 2018)) and for x < 7 it is similar to
the reflected Weibull distribution.

%exp{— [ﬂ]ﬁ} forx<t

Flx;a,p,7) =
HahT 1——ep{ [£F ]ﬁ}forx>r

(D.1)

The double Weibull distribution takes in three parameters: the shape parameter '’ in python referred to as
'), the location parameter 'x’ in python referred to as 'loc’ and the scale parameter ’a’ in python referred to as
'scale’. These parameters are determined for each vessel type and size class. The missing entry in the database
is filled in by drawing a random number from the distribution with these parameters.

To show the distribution and the data, the fit of the bulk carrier class is shown as example below. A SSE of zero
means it is a one-on-one fit. When looking to Figure Figure D.2 it shows that when more data is available, the
fit gets more accurate. This is important since most missing entries will be from vessels in the size class which
contains the most vessels (in this example the lower size classes).
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Figure D.2: Fit of the double Weibull distribution on build year data of the Bulk carrier and its size categories

D.4. Installed engine power

Figure D.3 shows that there is a notable linear relation between the dead weight tonnage and the installed
engine power. Therefore a linear regression analysis is done to predict the missing entry. A first order polyno-
mial function is fitted through the data to describe this relation for each vessel type and size class separately.
The formula corresponding to this polynomial function is derived and used to fill in the missing installed
engine power corresponding to the vessels dead weight tonnage.

The correctness of the fit of the polynomial function is identified by means of the R-squared value, where a
R-squared of 1 means that the function explains all the variability of the response data around its mean.

The fit of the bulk carrier class is shown as example below. When looking to Figure D.3 it shows that the R-
squared value varies between 0.5 and 0.7. The lower R-squareds can be explained by the outliers. For the
purpose of this procedure, a linear function is considered a well enough fit.
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Figure D.3: Linear relation ship of dead weight tonnage and installed engine power of the Bulk carrier and its size categories

D.5. Fuel type

Two types of fuel type can be assigned: inside an ECA where the lightest fuel is taken from the IHS database,
and outside an ECA where the procedure is followed from Section C.1.1. This distinction is also made in the
method for filling in missing fuel type entries.

Inside ECA

Inside an ECA the missing fuel types is allocated with statistics from the vessels of the same vessel type and
size category of which the lightest fuel type is known (Fuel Type 1). In the same manner as determining the
probability of the number of screws, the probability is determined for each fuel type.

The missing fuel type entry is filled in by drawing a random number between zero and one, and according
the determined probability distribution the fuel type is assigned.

Outside ECA

The fuel type outside an ECA is determined according the procedure from Section C.1.1. The same procedure
is performed to allocate the main fuel type from vessels from the IHS database of which Fuel Type 1 and Fuel
Type 2 are known from the same vessel type and size category. With these statistics known for each group, the
probability that a vessel has a certain fuel type is determined. The missing fuel type can then again be filled
in by drawing a number between 0 and 1.

D.6. Engine type
The engine type of a vessel is estimated based on statistics from the vessels of the same vessel type and size
category of which the engine type is known. First based on the IHS database entries, the engine type is deter-
mined for each of the vessels of which the data is known. Subsequently the probability of all engine types for
vessels from that class is determined and by drawing a random number between zero and one the missing
engine type is allocated.
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Results from case study Port of Rotterdam

E.1. Model input

E.1.1. Vessel database
An example of a vessel from the vessel database of the case study of the Port of Rotterdam is shown in Fig-
ure E.1. The bold cells are the characteristics which are needed for the emission estimation.

Total

dead N . Fuel N N Engine N
" . : Size Power_AE Power_AE Power_AE Power_AE Build KW Fuel Engines Engine Engines
mmsi WeightTonnage draught LOA width DEFVesselType category atberth anchored manoeuvring sea c. year Main Type1 WD; Number Type Sl;;;z RPM
Eng

X000 265.0 3.34 3054 11.04 Tugboat 0-+ 100 80 210 80 0500 1996.0 3002.0 Dist\}!it:l NA 2.0 Qil 4.0 900.0
Aux.

Engine Engine Engine L el : . : : Year draught- draught- draught-

Design Model Total X Year P_installed_ME Fuel_ME_inside Fuel_ME_outside Fuel ME Fuel AE Engine_ME ProbE Engine_AE Engine_speed category ‘min max mean
KW

Auxiliary 1984-
Deutz SBVEME28 1580 2.0 1996.0 3002.00000 MDO MDO MDO MDO MSD Engine MsS 2000 3.34 3.34 3.34

Tier Sapp_oneK2 HFCbase_ME HFCbase_AE EF_base CO2_ME EF_base_CO2_AE EF_base_NOx_ME EF_base_NOx_AE EF_base_SOx_ME EF_base_SOx_AE EF_base PM10_ME EF_base _PM10_AE

0 14.580302 185.0 190.0 3.206 3.206 14.0 1.2 0.001103 0.001103 0.18 0.18

Figure E.1: An example of the vessel database from the case study of Port of Rotterdam
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E.1.2. Trip collection

E.1.2.1. Create a trip collection

An example of a trip from the trip collection is shown below in Figure E.2. It is a simplification of an AIS
dataframe. All the characteristics which are time-dependent are preserved, the rest is placed in the vessel
database.

timestamp tripnr dtime calc_dist calc_speed mmsi latitude longitude sog draught geometry

2022-01-07 POINT

0 04:23-29+00-00 0 0.0 0.000000 0.000000 000000 51.879507 4396995 0.034359 7.34 (4.39700

2k - 51.87951)

2022-01-07 POINT

1 o 0 1860 7553331  0.040609 XXXXXXXX 51879565 4.396938 0.029474 734 (439694

04:26:35+00:00 o e

. )

2022-01-07 POINT

2 puerotT 0 1780 3253689  0.018279 xxxXXX0X 51879562 4396985 0.022945 734 (439698

-29- : 51.87956)

2022-01-07 POINT

3 242 0 1760 4867190  0.027654 XXXXXX)XX 51.879537 4.396927 0.018496 734 (439693

04:32:29+00:00 5187954

. ]

2022-01-07 BROINY]

4 049559100100 0 1800 1678695  0.009326 XXX00O0X 51.879542 4.396950 0.018454 734 (439695

= 2 51.87954)

2022-01-07 POINT

21 o ; 0 1840 7779504  0.042280 XXXXXXOX 51.878285 4.421535 0.040046 734 (442154
10:40:08+00:00

51.87828)

2022-01-07 POINT

122 10-43-07+00:00 0 179.0 6767575 0.037808 XXXXXK00K 51.878248 4421613 0.035935 7.34 (4.42181

s ' 51.87825)

2022-01-07 POINT

123 5 : 0 1820 6213735  0.034141 X)000000X 51.878252 4.421523 0.025604 734 (442152
10:45:09+00:00

51.87825)

2022-01-07 POINT

124 5 : 0 1780 3026167  0.017001 XXXXXXXX 51.878260 4.421565 0.024950 734 (4.42157
10:49:07+00:00

51.87826)

2022-01-07 POINT

125 10-52-09+00:00 0 1820 5998661 0.032960 0000000 51.878312 4421588 0.034805 7.34 (4.42159

o . 51.87831)

Figure E.2: An example of one trip from the trip collection from the case study of Port of Rotterdam
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E.1.2.2. Trip collection with energy consumption of the auxiliary engine

An example of a trip from the trip collection with the closest edge (cl_edge) and the fairway characteristics
from this edge, the operational mode of the vessel and the auxiliary engine power is shown below in Fig-
ure E.3.

index tripnr dtime cale_dist speed mmsi latitude  longitude sog draught geometry cl_edge GeneralDepth L_edge dist Ior; 1at Mode Power_aux
timestamp
2022.01-08 FOINT (8864185
022,01, © 0 00 0000000 0000000 XXXXXXXXX 51971933 4.045883 0000000 43 (404588 200 7960.639041 00 4045883 51971933 Berth 100
22:14:45+00:00 oy arias 8964615)
2022-01-08 POINT 18864185
 2022:01- 1 0 600 0000000 0.000000 XXXXXXOX 51971933 4.045883 0.000000 43 (404588 : 200 7960639041 00 4045883 51971933 Berth 100
22:15:45400:00 51.97193) 0864615
2022-01-08 POINT 3854185
or22:00s 2 0 1200 0000000 0000000 XXXXXX)OX 51971333 4045883 0000000 43 (4.04588 200 7960639041 00 4045883 51971933 Bern 100
22:17:46400:00 5197193, 8864615)
2022-01-08 FOINT (8854185
. 2022:01- 3 0 1200 0000000 0000000 XXXXXX0X 51971933 4.045883 0000000 43 (404588 © 200 7960639041 00 4045883 51971933 Berth 100
22:18:45400:00 ororres 0864615)
2022-01-08 POINT 5864185
P 4 0 5590  0.000000 0000000 XXXXXXXXX 51.971933 4.045883 0.000000 43 (a04ss8 ‘BB 200 7960.639041 0.0 4045883 51971933 Berth 100
29 0FH0D: 51.97193) ~ilD)
2022-01-09 POINT (8861022
02201, %8 0 600 265039606 4417327 XXXXXXOX 51968083 4091483 4347142 43 (d00148 ( : 200 806420541 15002182668 4045883 51971933 Saiing 80
01:14:04+00:00 5 asb08, 8860701)
2022-01-08 POINT (8850701
,2022:01- 99 0 600 257.641103 4294018 XXXKXKOX 51970167 4.093117 4.351120 43 (409312 200 806420541 16159823772 4045883 51971933 Saiing 80
01:15:04+00:00 sy ororn, 8661022)
2022-01-08 POINT (5850701
prenze0i; 100 0 600 243226442 4053774 XXOOXKOX 51.970792 4.096509 4.347449 43 (409651 : 200 359048792 16403050213 4045883 51971933 Saiing 80
01:16:04+00:00 st orore) 0864748)
2022-01-08 POINT (5864748
 2022:01- 101 0 600 243226442 4053774 XXXXOODOX 51971417 4099900 4347449 43 (409990 © : 200 326393337 16646276655 4045883 51971933 Saing 80
01:17:04+00:00 ororiss B885780)
2022-01-09 POINT (8864217
220199 102 0 5710 1785092557 3.128008 KXKXXOOX 51963583 4.122583 3249325 43 (aa2258 BT, 200 42352937 18432369212 4045883 51571933 Sailing 80
126:35+00: 51.96358) )

Figure E.3: An example of one trip from the trip collection from the case study of Port of Rotterdam
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E.1.2.3. Trip collection with emissions
An example for a trip from the trip collection and the calculated emissions is shown below in Figure E.4. If
_ME or _AE is stated in the heading, this is the share of emissions the main or auxiliary engine respectively.
The last eight columns state the summed up emissions in g and in g/m.

imdex  iripne i cale_dist cale_spaed mmsi latitude  longitade sog draught LOA widih geometry cl_sdge GeneralDepih Ledge & dist lor i Mode P_aux
Brnestamp
OO paeeoce 000000 0000000 NDDOOOO S1G10083 441280 O1TIEAS 11 mes as (s EEIIET 00 451501451 00 440128 51010083 Betr 110
10:08: 15+00-00 ! - a':v':nma. B45483_4) - . t
20020104 R (2181407,
B0 0 I00000 MERSSOS  03Z3431 NOOOXNO STECRIES 4498082 1114231 31 s4es en pesmese ZDOAIT 00 SEIS0ISET  MERMSS0S 4428 SIGN00E3 Ancher 170
4300 51.90940) A
20220104 PONT (amign_a.
" " 2 0 40000000 91832028 1545817 OOOOXNG. S1.008800 4480000 2134528 31 B4ES B8 ezl = 20 11.082703 181777 44128 51600082 Anchor m
10:15:10400:00 o ey B45420.8)
0220104 POMT
3 0 40000000 6133634 184AS1T WOOODDKON S1G00A08 & 4B3IZT 2 134838 31 B4 BB (448813 4.8 200 4B413588C  T438008T7 440128 51010083 Ancher 170
1095.50+00:00 s saeia
POINT
LM, ) w0000 G1LEIE0  1LS4SMT OD0ONK SILECTIO SSGTIME 2124085 31 s4s8 o8 qagr BIESE MO 13MHNM  0BMA2844 A4NZ8 B1GI0083 Anchr 17D
A > 51.90071) ’
POINT
(TEROB ey (TGATSS 2080113 CODDDOON S1GOSEED 4408070 4080381 31 3405 @8 jragsey SUOSE 00 1MBSEM 45470322 440128 51010083 Ancher 170
10472000000 o sseaio)
20020104 POINT  asaTno, . .
] 0 GOOOO000  3OE TRIISD 5182204 OOOKRN 51008808 4481822 5304207 31 @8 (aazE2 . 200 505434347 TRA.8215T4 445128 51000082 Saling 200
A0 18:20+D0:00 siooesg,  S9ETSE)
0220104 POINT  supcno
s i 7 0 SO0O00OD  327.0M84TD 5450281 WOOOOONX 51504305 4475330 5454015 30 8405 @8 (44TEBI0 00 22850BEST 1121538051 440128 51090083 Sasng 200
10:43:30400:00 SIATER amzio
2002-01-04 B = JONT seagtos,
80 eODO0000 ATONMTO  SA450241 NOOOOOOO S1G02838 4.4T4GE0 S4SAC1S 31 8405 98 (7405 . 00 125A54E19 1445550532 4420 S1GN0003 SsEng 200
1020040000 o oans 8801047
em_CO2 ME_g em_50x_ME_g em_NOx_ME_g em PMI0QME g em _CO2 AE g em 50x AE g em NOx AE g em PMI0_AE g  em CO2 g em PMM0_g em NOx g em_S0x g em D02 _pim em PMI0 gim em NOx_gim em_S0x_gim
0.000000 0.000000 0,000000 2000000 0000000 £.000000 2.000000 0000000 Q000000 0000000  D.0COCC0  0.000000 00 L1 0 .1
0.000000 0000000 0000000 Q000000 G741 633057 22318087 127300087 2048000 &741.882087 2045000 127300067 23887 14.885848 CuDOaS2 oz2s0me Q008113
0000000 0000000 0000000 0000000 TR4ENZZZR 0248322 13.BBEEER 0Z000  TR4GIZZZ 0220000 1168830 02K 85.52TSE0 DOTREET  1ZWTI 00T
0.000000 0000000 0,000000 omoNn TMeIER 0249322 13 BEEEER 0220000 TI4IZT 0220000 13485350 02NGE 14073 DOOD4S4  DUEETS  DOOOSIS
£,000000 £.000000 £,000000 aooooon  TA4@12203 0240322 13888860 0220000 THM2222 0220000 13ARAA0  O2KAZ2 A.308018 BOOIBY  DAOMTT  DOO1ES
0,000000 0000000 0,000000 QD000 1087 383 0ITHEI 20533333 Q330000 W0§T38E3I3 030000 Z0SIIM  OITHEZ  TSTER DOOZ4IS  DINGM 000277
4877 430832 18738 107.183308 1.423800 1087382333 0.373932 20.533333 0.330000 5004354021 1813300 127.000800 2051519 11801444 0003550 0250047 0.0040%9
5009814220 19208 125741028 1T 1osTaMeIR) caTeel 20501 Q000 00PT.182501 2071008 146274661  ZN0UNZ  20.556205 0O0EE  DBeERe  DowEs
5609884230 1939406 125741028 1TANEE 108730631 0ITINEl 20501333 0330000 SOPTEISET  20TI0RE 14ATTAEET  ZIGWZ 5329625 0007843 oMEs 000133

Figure E.4: An example of one trip from the trip collection with corresponding emissions from the case study of Port of Rotterdam
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E.2. Emission split in vessel types
To indicate the emission split per vessel type, their percentage of the total emissions are stated.

40.0 Nty

Deneymn

35.0 eengien
30.0 arin
oy
N PN

25.0 L
- [=la}=T=]
NRNN
20.0
15.0
10.0 oo
| oo o993 9593 T
{TalTa) enst<t=f << <
50 3343 DR et
SaGeieeoll | | N | [ m
E=3

mCO2 mSOx mNOx mPM10

Share of total emissions per vessel type [%]

.
' I
Ol tanker  —

Bulk Carrier E
Container sh
General Cargo ship
Passenger ship
Passenger ship - Cruise
Ro-Pax ship
Tugboa

Chemical tanker
Liquefied gas tanker

Figure E.5: Emission split in vessel types in percentage of total emissions

E.3. Emission distribution - January 2022
The emission distribution of the Port of Rotterdam is shown below for the four evaluated pollutants. These
four figures cover the emissions of the first two weeks of January 2022.

ROTTERDAM

0 5000 10000 15000 20000 25000 30000 35000 40000
CO2 in g/m

Figure E.6: Estimated CO» emissions in the Port of Rotterdam from January 1 - January 14 2022
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0 50 100 200 300 500 1000
NOx in g/im

Figure E.8: Estimated NOy emissions in the Port of Rotterdam from January 1 - January 14 2022



E.3. Emission distribution - January 2022 113

PM10 in gfm

Figure E.9: Estimated P M) emissions in the Port of Rotterdam from January 1 - January 14 2022
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E.1. Python code for constructing the FIS graph from a shape-file
The python code for constructing this FIS graph is based on an example from OpenTNSim (2022).

from shapely.geometry import shape

import fiona

geons =[shape|featurs['gecmetry’]) for featurs in fiona.opan{®input_file.shp®}]
import itertools

® crecte a List of grophs
& = nu.BdGraphi)

for line in geoms:
line_coordsslist{line.coords)
for i in range(len(line coords)):
Line_eoerda[l]=11st{line_coerda[i])

# moire your preferred Site closs out of oveilable mix-ins.

Mode = type{"Site”, (Identifisble, Locatable), {})

# Add geometry to nodes

nodes = []

for index, coord &n enumerate(lime.coords)
data_node = {“name™: striindex), “geometry”: shapely.gecmetry.Point{coord[d], coord[1])}
RS . Append | Node | " Eata_nade) )

& Create sub graphs
F& = mx.DdGraphi)

for node in nodes
F&. add_noda(node.name, geomatry = noda.geometry)

# add edges
path = [[modes[i], modes[i+1]] for i in ramge(len(nodes)-1)]

for index, edge in enumarate(path)
FG.add_sdge(edge[].name, edge[l].name, welght = 1)

# add geometry to edge
for edge in FG.edges:
point® = FG.nodes[edga[@]][  gecmstry’]
pointl = FG.nodes[edge[l] ][ " geometry ']
FG.edges[(edge(@], edge(l])][ geemetry’] = shapely.gessetry.LimeString[pedntd, peintl])

#Fodd Length
Fa.edges[{edge[@], edge(l])][ length’] = adge_length(FG.edges[(ecge[®], edge(l])])

F roggle to undirecred ond bock to Slrected o moke fure Jll adges are wo way Eraffic
FG = FG.ta_undirected()
F& = FG.to_directed()

& create o pagittans oiet for the purpose af plarring
positions = {}
for node in F.nodes:
positions(mode] = (FG.nodes[node][  gecmetry'].x, PG nodes[node][ " geometry’].y)

¥ collect node Lobels

labels = {}

for node in FG.nodes:
labels[node] = node

#loin oll seperate FIS graphs

4 = r.undon(PFd, 4, rename=("Fd-", "6-"))

positions = {}
for node in G.nodes:
positions[node] = (G.nodes[node][ ' gecmetry”].x, G.nodes[node][’geonetry’].y)
# draw edges, nodes ond Lobels.
plt.axis| "off")
nx . dras_rmtworks_sdges(G, posspositions, widths3, edge_colors"red®, alphasl, arrowsizes8.1, crs="EP5G:43258")
plt. show( )

Figure E1: Python code to create FIS graph

E2. Twelve randomly selected vessel trajectories
Trajectories 1-4, 7, 11 and 12 are berthed vessels. Their signal is drifting in the same area and their speed is
low. The model indicates these correctly as berthed vessels.
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Trajectories 5, 6, 8, 9 and 10 are moving vessels. Their sailing speeds are however so low, that the model

categorizes these vessels as berthed or anchoring no matter how far they are from their destination.
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Figure E.2: Twelve randomly selected vessel trajectories with the color indicating the speed in m/s

E.3. Emission split in vessel types

To indicate the emission split per vessel type, their percentage of the total emissions are stated.

Share of total emissions per vessel type [%)]

Figure E.3: Emission split in vessel types in percentage of total emissions
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118 E Results from case study Port of Constanta

E.4. Emission distributions - June 2021
The emission distribution of the Port of Constanta is shown below for the four evaluated pollutants. These
four figures cover the emissions of the first two weeks of June 2021.
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Figure F.4: Estimated CO; emissions in the Port of Constanta from June 1 - June 14 2021



E4. Emission distributions - June 2021 119

50x in g/m

Figure E5: Estimated SO emissions in the Port of Constanta from June 1 - June 14 2021
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Figure E6: Estimated NOy emissions in the Port of Constanta from June 1 - June 14 2021
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Figure E7: Estimated P Mj emissions in the Port of Constanta from June 1 - June 14 2021
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