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ABSTRACT 

The aim of this thesis is to develop a methodology to estimate ship emissions of NOX, SO2, CO2, HC 

and PM using Automatic Identification System data. The methodology includes methods for AIS 

messages decoding, for ship type identification based on the visited terminal and for ship emission 

estimation based on the ship technical and operational characteristics. The methodology is implemented 

in a computational tool, SEA (Ship Emissions Assessment). First, the accuracy of the method for ship 

type identification is assessed and then the methodology is validated by comparing their predictions with 

those of two other methodologies. The tool is applied to three case studies, using AIS data of maritime 

traffic along the Portuguese coast and in the Port of Lisbon for the period of one month. The first case 

study compares the estimated emissions of a ferry and a cruise ship, with the ferry emitting much less 

than the cruise ship. The second case study estimates the geographical distribution of emissions in the 

port of Lisbon, with terminals corresponding to areas of heavier concentration of exhaust products. The 

third application focuses on the emissions from a container ship sailing off the Portuguese Continental 

west coast, differing considerably from port traffic since it operates exclusively in cruising mode. 

 

Keywords: 

Automatic Identification System, Port and Coastal Marine traffic, Ship Emissions. 

 

 

 

  



  

iv 

 

  



  

v 

RESUMO 

Esta tese tem como objetivo desenvolver uma metodologia para estimar as emissões NOX, SO2, CO2, 

HC e PM dos navios, utilizando dados do Automatic Identification System. A metodologia inclui métodos 

de descodificação de mensagens AIS, identificação de tipo de navio com base no terminal visitado e 

estimativa de emissões de navios baseando-se nas características técnicas e operacionais do navio. A 

metodologia é implementada numa ferramenta computacional, SEA (Ship Emissions Assessment). 

Primeiramente, é avaliada a precisão do método de identificação do tipo de navio e, de seguida, a 

metodologia é validada, comparando as suas previsões com as de duas outras metodologias. A 

ferramenta é aplicada em três estudos de caso, utilizando dados AIS do tráfego marítimo ao longo da 

costa portuguesa e no porto de Lisboa pelo período de um mês. O primeiro estudo de caso compara 

as emissões estimadas de um ferry e de um navio de cruzeiro, com o ferry a emitir muito menos do que 

o navio de cruzeiro. O segundo estudo de caso estima a distribuição geográfica das emissões no porto 

de Lisboa, com as zonas de maior concentração de produtos de escape a corresponderem à 

localização dos terminais. A terceira aplicação foca-se nas emissões de um navio porta-contentores 

navegando ao largo da costa ocidental portuguesa, diferindo bastante do tráfego portuário, por operar 

exclusivamente no modo de cruzeiro. 

 

Palavras-chave: 

Automatic Identification System, Tráfegos Costeiro e Portuário, Emissões de Navios. 
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1. INTRODUCTION 

1.1 Background and Motivation 

Since the first steamboats were built in the XVIII century, maritime transportation has been an active 

cause of atmospheric pollution. An abrupt growth in world population and the consequent rising demand 

of goods were matched by the demand of their transportation, motivating the increase of the world fleet 

and, consequently, the contribution of ships to the global panorama of precarious atmosphere. A void 

of regulations addressing ship emissions, allowed for the continuous degradation of air quality 

worldwide, especially in coastal areas. Despite having its first edition in 1973, MARPOL (International 

Convention for the Prevention of Pollution from Ships) only addressed the issue of air pollution when 

Annex VI came into force, see IMO (2005), regulating emissions from maritime transportation and 

defining Emission Control Areas (ECAs), where ships must comply with particularly low emission levels, 

especially of sulphur and nitrogen oxides (SOx and NOx, respectively). This was a recognition of the 

impact of sea shipping in global emissions and its adverse effects on human health and the environment. 

Figure 1 shows the world map, highlighting in green the countries that ratified MARPOL Annex VI. 

 

Figure 1 – In green, countries that ratified MARPOL Annex VI, as of September 2018. 

Although Figure 1 reveals a significant number of countries not subscribing this convention, the 

coverage in terms of world tonnage percentage reaches 96.62 as of September 2018.  

The establishment of rules is only a primary step. There needs to be an enforcement of such regulations, 

penalizing noncompliant ships. This falls under the responsibility of flag states, to guarantee that every 

ship flagged on their national ship registry operates according to ratified international conventions. In 

order to do so, flag states must themselves create legislation and control its execution. For the particular 

case of ship emissions, the optimum case would be if every single vessel had installed a sensor always 

sending data through satellite to its respective flag state, indicating values of exhausted gases. With this 

implementation being nearly impossible, the estimation of emissions based on data from the Automatic 

Identification System (AIS) seems a promising alternative. AIS is a system of communications between 

ships and base stations. Ships equipped with this tool will automatically send messages through VHF 

reporting data from their operation, such as instantaneous speed, position and heading. The idea behind 
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this application was to reduce ship collisions and optimize search and rescue operations, with 

International Maritime Organization (IMO) through the International Convention for the Safety of Live at 

Sea (SOLAS), declaring as mandatory the installation of AIS apparatus on board ships of 300 GT and 

upwards engaged in international voyages, cargo ships of 500 GT and upwards not engaged in 

international voyages and all passenger ships, see IMO (2000). Since December 31st, 2004, this 

requirement is effective for all ships operating under SOLAS regulations. AIS was rapidly implemented 

on a global scale as it was well received by shipowners, who gained more control over their assets’ 

operations, and by ports and shipping companies that can refine their operations using the information 

provided to obtain more profits. The scientific community was also enthusiastic for this development. 

Several research areas have benefited immensely from this boom of ship traffic information. AIS data 

have been used for example to characterize maritime traffic and the collision risk as well as to study 

ship emissions, since it became much easier to visualize areas of intense maritime traffic and analyzing 

the vessels’ routes and speed changes during operation [e.g. Silveira et al (2013)]. Figure 2 shows a 

simplification of AIS data transmission between two ships and a base station. 

 

Figure 2 - Example of AIS communication, indicating the ship's name, MMSI, speed and position. 

There are however several problems with the AIS data. Some parameters in AIS messages are 

manually input in the system, like draft, destination and Estimated Time of Arrival (ETA). Another issue 

is the low detail of the ship type data, defining bulk carriers, general cargo, container carries and ro-ro 

ships all as cargo ships. These are two main issues for ship emission estimation using AIS, however, 

there is great potential in this source of data. 

Part of the motivation for this thesis comes from that potential, because, if these issues are solved and 

more information is added to AIS messages, the possibilities for other studies and other areas are nearly 

limitless. 

A second motivation is the need to raise awareness for the issue of air pollution, since it is a problem 

that the world population seems to have overslept, running now behind schedule. To compensate this 

delay, there is a need for heavier measures that will require optimized practices, and that motivates the 

development of better methods, easy to implement, in order to establish a good base for future 

innovative and redeeming solutions. 
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1.2 Objectives 

The main objective of this thesis is to develop a methodology to estimate emissions from coastal and 

port maritime traffic using operational data from the Automatic Information System and technical data 

from a database. This methodology should be easy to implement, without the need for commercial 

databases and should be functional on a global level, ensuring its accessibility to everyone. 

The developed methodology shall have a positive impact on the development of this research topic, 

facilitating the process of obtaining estimates for ship emissions, which should increase the number of 

studies and emission inventories, raising the awareness for the problem of air pollution. 

The proposed methodology is implemented in a tool here denominated as “SEA – Ship Emission 

Assessment”, applied to three different case studies: the assessment of geographical distribution of ship 

emissions from port traffic; the comparison between emissions from a cruise ship and a ferry; the 

emission estimation for a cargo ship cruising in coastal areas. 

While the two first cases are applied to the port of Lisbon, the last case study is applied to a container 

ship cruising along the Portuguese western coast. 

1.3 Outline of the Thesis 

The thesis is organized in seven chapters. 

Chapter 1 is the introduction of the topic to be discussed the related background and including the goals 

and structure of the work.  

Chapter 2 contains the literature review, contemplating an analysis on the most relevant studies on the 

ship emissions topic, as well as a brief introduction to AIS applications and its main source of error. 

Chapter 3 describes the methodology proposed to produce estimates on ship emissions, scrutinizing 

the different steps of the procedure, from the reading of the AIS messages to the factors applied to the 

obtained output. This chapter also presents a method to identify ship types based on the visited terminal. 

This method was developed as an alternative to the poorly description of AIS data on this regard. 

Chapter 4 addresses the application of the proposed method to determine the type of ship based on the 

type of terminals called, discussing its success rate when applied to the port of Lisbon. 

Chapter 5 shows the results of this methodology applied to each of the three studied cases, illustrating 

the process behind the implementation of the tool developed in this thesis. 

The first case study  consists of a particular application of the proposed methodology, comparing the 

emissions of a cruise ship and a ferry for the duration of the cruise ship’s call to the port of Lisbon, and 

attesting the methodology’s credibility by applying data from this study to another methodology, that of 

Trozzi (2010), and implementing the methodology proposed by this thesis in the modelled data from a 

third study, Jiang, et al. (2010). 

After this application, a more general case study is presented, showing the geographical distribution of 

ship emissions in the port of Lisbon for the period of study. 
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Finally, to demonstrate the application of the proposed methodology to coastal areas, the emissions are 

estimated for a container ship sailing along the Portuguese western coast. 

Chapter 6 sums up this thesis, presenting the main conclusions and recommendations for possible 

research works and developments of this field of study. 
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2. LITERATURE REVIEW 

Due to its direct and negative impact on human live, exhaust emissions are a common topic of study, 

with authors continuously investigating new methods to tackle the adverse impact of air pollution. 

In 2007, international maritime shipping was responsible for 10 to 20 percent of Sulphur deposition in 

Europe’s coastal areas, with predictions pointing to values close to 50 percent in 2020, as reported by 

Cofala et al. (2007). These numbers alert to the considerable weight of ship’s emissions in atmospheric 

pollution. 

To ensure an accurate and effective implementation of environment-friendly measures, the assessment 

of emission inventories is a critical step of the process, guaranteeing a precise intervention to the most 

precarious and hazardous situations.  

The active measurement of exhausted pollutants for every ship in the world fleet is unattainable. For 

this reason, sizeable registers of ship emissions are produced with estimated values, with different 

methods being applied. 

Designed as a system to augment safety at sea and reduce the occurrences and consequences of ship 

collisions, the AIS is a tool very useful in the description of ship’s activity worldwide, contributing to the 

globalization of emission inventories.  

The following sections present a literature review and conclusions regarding this research topic, with a 

first section addressing methodologies for estimating ship emissions, such as Jalkanen et al. (2009), 

Entec (2002), Trozzi (2010), Chen et al. (2016), USEPA (2009), IMO (2014), Smith et al. (2013), 

Goldsworthy & Goldsworthy (2014), Nunes et al. (2017) and Tzannatos (2010) and a second section 

addressing specifically to Automatic Identification System applications [Silveira et al. (2013) and Harati-

Mokhtari et al. (2007)]. 

2.1. Ship Emission’s Estimates 

A highly referenced work on exhaust emissions from marine traffic was developed by Jalkanen et al. 

(2009), which estimated the emissions of maritime traffic in the Baltic Sea, with STEAM (Ship Traffic 

Emission Assessment Model). This model utilized AIS data and ship’s design and instantaneous 

speeds, while considering also technical data (revolution rate, specific fuel oil consumption, power), from 

both main and auxiliary engines. This information was obtained from a database containing more than 

20 000 ships, with highly detailed records of ship’s power production systems. This database was 

premised on information from Lloyds Register of Ships and complemented by local authorities, ship 

owners and engine manufacturers. STEAM safeguarded that, if a ship is detected by the AIS system 

and cannot be found in the original database, it shall be searched in Lloyds Register commercial 

database, and, if it remains unfound, it was assumed as a small ship, with a main engine with 2380 kW 

installed power, GT 620. Additionally, even if the ship was correctly identified in the databases but there 

was no information regarding its machinery, the model assumed a diesel engine averaging 500 rpms in 

operation. As for the emission factors, for nitrogen oxides (NOx), these were obtained based the engine’s 
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revolution rate, while sulphur oxides (SOx) and carbon dioxide (CO2) depended on the specific fuel oil 

consumption of the engine. 

The effect of abatement techniques such as sea water scrubbers, humid air motor and in engine 

modifications was considered. However, if technical information from ships’ machinery is scarce, details 

on the existence of such equipment onboard and application of such techniques is even more difficult 

to obtain, at least from reliable sources. 

Instantaneous power was calculated as a function of the ship’s velocity, depending also on resistance 

coefficients (frictional resistance, residual resistance, appendage resistance and air resistance) and wet 

surface of the vessel. Instead of measuring or calculating these coefficients, it used a known point of 

the equation (design speed corresponding to 80% of the maximum power) to determine a factor k that 

represented the product of all the above-mentioned coefficients. 

The effect of waves was also taken into account, modeling waves based on wind speed values from 

weather prediction, calculating the Beaufort number for the different wave heights and obtaining a speed 

penalty factor that depended as well on the ship’s displacement. 

Finally, Jalkanen et al. (2009) presented the emission estimates for NOx, SOx and CO2, comparing these 

results with data provided by shipowners for six RoRo/Passenger ships (RoPax). 

Despite being innovative and groundbreaking, this methodology made rough assumptions, especially 

as to the specific fuel oil consumption, using a default value for all engines (200 g/kWh), although 

recognizing that values vary for two or four-stroke engines (160 to 200 g/kWh for two-stroke and 180 to 

250 g/kWh for four-stroke). 

As for Entec (2002), it is the most frequent source of emission factors amongst studies producing ship 

emissions estimates. These factors were derived for the substances of NOx, SOx, CO2, HC and PM, by 

combining emission databases, from IVL Swedish Environmental Research Institute and Lloyds 

Register Engineering Services, with the European Commission’s database of ships circulating in the 

North Sea, Irish Sea, English Channel, Baltic Sea, Black Sea and the Mediterranean. Entec (2002) has 

analyzed 608.942 ship movements, in the designated area, during the four-month period of study in the 

year 2000, presenting tables of the derived emission factors depending on the type of engine installed 

(slow, medium or high speed) as well as the type of fuel being consumed (marine gas oil, marine diesel 

oil and residual oil) and the navigation mode (at sea, maneuvering and in port). It mentioned an attempt 

to derive emission factors based on the engine’s size (installed power), but it was proven fruitless due 

to the spread of data, being impossible to establish a coherent relation between those parameters. Entec 

(2002) acknowledged the existence of ships operating with two different types of fuel and indicates that, 

for such cases, the fuel selected must be the most pollutant one. 

Entec (2002) dealt with the absence of required information from ships by eliminating them from the 

sample pool. This option, when applied to studies that have access to large databases such as Lloyds 

Register’s, is acceptable, since the reduction of data will be just a small fraction (3.2% in this case), not 

compromising the results. However, in studies with a smaller sample size and with access to only lesser 

databases, such deletion may jeopardize the results along with their credibility and drawn conclusions. 
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Besides emission factors, Entec (2002) also presented tables with assumptions regarding load factors 

for main and auxiliary engines, depending on the navigation mode. This information is also referred 

widely throughout the literature.  

Trozzi (2010), like the great majority of relevant studies on ship emissions, obtained all technical 

information of ships and their machinery from Lloyds Register, producing a database of 1000000 ships. 

This study presents two distinct procedures to estimate ship emissions: one based on a known value of 

the ship’s total fuel consumption and the other on its installed power. For the first one, Trozzi (2010) just 

multiplied the amount of fuel consumed by emission factors from Entec (2002). As for the second one, 

it depended on the engine’s load factor as well as its installed power and the time spent on each 

navigation mode. This second method, being more complex than the first, was more emphasized and 

scrutinized.  

This work did not use AIS, defining ship activity with data from ports, routes and shipowners. It assumed 

a certain type of engine and respective fuel based on the type of ship, based on a statistical study. As 

for the installed power, if the information was not available in the database, Trozzi (2010) interpolated 

the value from regressions of installed power as function of Gross Tonnage, produced with data from 

the world fleet in 2010 and 1997. 

The time spent in each of the navigation modes was provided by the ports, otherwise, if such information 

was not available, the values considered were also obtained from Entec (2002). In the end, Trozzi (2002) 

suggested a third and more simple method for estimating ship emissions, by applying emission factors, 

from the literature, to statistical data of ships’ activity and using tables with average values to determine 

the ship’s technical information. Despite presenting three different methods for estimating ship 

emissions, this work did not present any implementation nor estimated values. 

Chen et al. (2016) produced an inventory of emissions (SOx, NOx, PM, CO and CO2) for the port of 

Tianjin, China, in 2014. 

AIS data, describing ship activity at the studied location, complemented information from China 

Classification Society and Lloyds, producing a database describing ships’ operation, type, age, 

dimensions, gross tonnage and installed power. 

For the whole year of 2014, the AIS registered 8690 different ships. Initially these were all considered, 

however, after removing ship positions that wouldn’t coincide with known routes of that area, as well as 

ships with an invalid Maritime Mobile Service Identity (MMSI) number or insufficient data, Chen et al. 

(2016) ended up considering only ships that were present in the database initially produced. 

Ship speed was defined in this work by the quotient of the distance between two consecutive AIS data 

points and their time difference. The obtained value was used to define its navigation mode, associating 

the cruising mode with values above 8 knots, maneuvering between 1 and 8 knots and berthing with 

values below 1 knot. Ship speed was also used to calculate the load factor as the quotient between 

instantaneous and maximum speed, to the power of 3. 

Before proceeding to estimating ship emissions, Chen et al. (2016) eliminated AIS reports with ship 

speed values over or under 50% the previously calculated quotient of distance travelled by the time 
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interval. This way of filtering unrealistic values of ship speed may reduce the number of data points and 

originate erroneous data, especially if these points correspond to maneuvering situations. 

This methodology is simple, but the solutions presented to deal with missing or bad data, reduced the 

credibility of its results. 

The United States Environment Protection Agency presented in USEPA (2009) a methodology to 

estimate emissions of ships circulating close to the United States coast (200 nautical miles) in 2002. 

The method is divided in two parts, each with a correspondent process. While the first estimated 

emissions inside and near ports, the second one addressed the voyage between them. Technical data 

and reports on ship’s activity were provided by Lloyds Register. 

Modes of navigation were defined based on distance to the port, introducing the concept of Reduced 

Speed Zones (RSZ), defined by the area from the pier to the location where pilots board and disembark, 

differing amongst each of the 117 ports analyzed. A ship was considered to be cruising, at 94% of its 

maximum speed, when circulating beyond the RSZ border up to 25 nm further. When entering the RSZ, 

ship speed was assumed as 5.8 knots and the navigation mode was identified as maneuvering. Time 

per navigation mode was calculated by dividing the distance travelled by the ship’s speed.  

Load factors were assumed as 83% for cruising mode, since the ratio of cruising speed to maximum 

speed was 0.94 and, according to the Propeller law, the load factor is the cube of that ratio. As for 

auxiliary engines, the values used were averages based on ship type obtained from a survey conducted 

by California Air Resources Board (2005). Low load factors were applied for non-electric engines under 

loads smaller than 20%. Tables with these factors were provided by Energy and Environmental Analysis 

Inc. (EEA). Emission factors were derived from Entec (2002). 

As for the second part, of the voyage between ports, a model was used, based on historic data of 

maritime activity in North America, associated with a database. This model estimated emissions for 

complete voyages of ships leaving or arriving at US ports, thus requiring the replacing of near-ports 

values by those obtained with the more specific first method. 

USEPA (2009) presented solutions for some problems associated with ship emissions estimates, 

however, some of the assumptions were extremely rough, as assuming a speed for every ship while 

maneuvering or considering continuous load factors.  

As for the International Maritime Organization, in the analysis of IMO (2014) presented the most recent 

report on greenhouse gas. It estimated ship emissions between 2007 and 2012, using two different 

methods: top-down, based on fuel oil sales to ships engaged in international voyages, and bottom-up 

using AIS data. Emissions estimates for the top-down method was very simple with an easy 

implementation, considering that the required data was readily available. On the other hand, the bottom-

up method was more complex, requiring extra attention from the authors of this report. 

AIS messages were received by satellite and base stations (VHF), while ships’ technical information is 

provided by IHS Fairplay (IHSF), matching both data and generating a new and compiled database. 

The bottom-up method identified three types of missing information problems: 
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i) IMO number missing, but MMSI number appeared in both IHSF and activity data set – the match 

was carried out using MMSI number, despite its low reliability. 

ii) MMSI appeared in the activity data set only – ship was still considered for the study, however, 

there was no explanation on how technical information was obtained in this case. 

iii) Ship appeared in IHSF but could not be identified in the activity data set – vessels >300 GT, 

were considered inactive and are omitted from the model, while vessels <300 GT were assumed 

to not have an AIS transponder, and its activity model was approximated to those of similar 

identifiable ships. 

Emission Controlled Areas (ECAs) were taken into account, assuming the utilization of distinct, less 

pollutant fuel. Data used to define generators’ operational profiles was obtained from the Finnish 

Meteorological Institute, when developing the 2nd IMO Greenhouse Gas Study (2009). 

IMO (2014) considered that main engine installed power was fully allocated to propulsion while service 

power was exclusively supplied by generators. As for heat recovering systems, the reduction in the 

generator’s fuel consumption was already included on the empirical values used. 

When estimating main engine’s instantaneous power, the Propeller Law was applied, multiplying a 

reference value of power (maximum or design) by the cube of the quotient of instantaneous speed by 

the reference speed (maximum or design, according to the value of power used). Additionally, the effect 

of draught variations was considered, multiplying the value of instantaneous power obtained before by 

the ratio between instantaneous and design draught powered to 0.66. Weather and hull fouling 

conditions were also taken into account, with IMO (2014) applying efficiency coefficients to obtain a final 

value of instantaneous power. 

CO2 emissions were estimated based on the specific fuel oil consumption and installed power, 

integrating in time after multiplying by an emission factor. Additionally, refrigerants’ emissions were also 

estimated, presenting the results in CO2e units (CO2 equivalent units), that represent the mass of 

exhausted CO2 that would have the same impact to the greenhouse effect.  

Produced by IMO and being a global reference for ship emissions worldwide, this report presented a 

very detailed and meticulous methodology, with high reliability. However, its implementation implied the 

possession of extensive and detailed databases and tools to process ship activity data. 

Smith et al. (2013) assessed the shipping efficiency of the world fleet in 2011, analyzing technical 

efficiency as exhausted CO2 (g) per transport work done (t.nm) and operational efficiency as exhausted 

CO2 (g) per ton shipped (t). 

Ship technical specifications were provided by Clarksons World Fleet Register’s database. Ship activity 

was described by AIS data. The absence of information for some ships was complemented with data 

from IMO’s 2nd Greenhouse Gas study. 

Operational efficiency was calculated as the quotient of CO2 emissions by the mass of transported 

cargo, this last estimated as the product of ship’s capacity, cargo condition, time and speed while CO2 

emissions were obtained from the product of installed power, specific fuel oil consumption and fuels 
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carbon concentration. Both installed power and specific fuel oil consumption take into account weather 

conditions, speed, cargo conditions and wearing, applying the Holtrop method. 

As for technical efficiency, it also depended on the installed power, load, specific fuel oil consumption 

and carbon factor, however, not considering external factors like weather or wearing. For the absence 

of information on specific fuel oil consumption, this work used minimum margins from engine fabricants. 

Smith et al. (2013) presented an innovative and unusual methodology, sometimes unclear with 

unjustified assumptions, with results presented in low-resolution grids (200x200 km).  

Regarding the national panorama, Nunes et al. (2017) estimated emissions from ships calling at the 

ports of Leixões, Viana do Castelo, Setúbal or Sines, during 2013 and 2014, with information on ship 

activity being provided by the respective port authorities. Three modes of navigation were considered: 

maneuvering, in berth and in voyage. Time spent per navigation mode was also provided by the studied 

ports. Installed power was obtained from regressions based on gross tonnage, according to an EEA 

guide. Load factors and average ship speeds were taken from Entec (2002) for main engines and Trozzi 

(2010) for generators. By using emission factors much older than the studied data, Nunes et al. (2017) 

multiplied the results by coefficients associated with the ship’s age. For ships built after 2005, the 

coefficient was 0.966, while ships built in 2008 or later had the coefficient of 0.932. Nunes et al. (2017) 

presented an interesting report, one of few addressing emissions on Portuguese ports. Although it did 

not use AIS data, the usefulness of the tool was acknowledged. The study did not use commercial 

databases (such as Lloyds Register’s) for financial reasons. 

In Goldsworthy & Goldsworthy (2014) ship emissions were modeled for the Australian coast in 2011. 

Ship technical data was obtained from Lloyds Seaweb. AIS was used, identifying 7171 ships, with 7125 

direct matches in the database, 28 ferries, whose technical information was provided by the State of 

New South Wales. For the remaining 18 ships unidentified, data was interpolated from the existent data, 

as the mentioned paper refer Jalkanen (2009), deeming unjustified the elimination of these ships from 

the data pool, since even smaller ships may represent up to 25% of total emissions. Military vessels 

were not considered, assuming low emissions of SO2. 

Ship speed was calculated by dividing the distance travelled between two AIS messages and the time 

interval between them. The integrity of this data was checked against the average of previously obtained 

values, with a margin of 50%. Additionally, when applying the Propeller Law with a new speed value, 

the load factor shall not exceed 100%, with the design speed being assumed as 85% of the maximum 

continuous rating. 

Navigation modes were defined by load factor and ship speed, with berthing mode being considered for 

ships indicating speed smaller than 1 knot and maneuvering was assumed for ships working with less 

than 20% of installed power in the main engine. For the remaining time, the ship was cruising. By using 

the load factor to indicate the ship’s maneuvering state, it solved the issue of ship’s with low design 

speeds never achieving cruising mode (as it would happen for general speed-defined maneuvering 

modes).  Auxiliary engines’ power was obtained from ratios, presented in USEPA (2009), applied to 

main engine’s installed power. From the validation of speed values with previous data, to the original 
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and important definition of maneuvering mode with load factor, Goldsworthy & Goldsworthy (2014) work 

was very reliable. 

Demonstrating a distinctive analysis on cruise ships, Tzannatos (2010) reported ship emissions at port 

of Piraeus, Greece, between June 2008 and May 2009.  

Being Piraeus a port for transportation of passengers, the ship types considered were ferries (Pax and 

Ro-Pax) and cruises, with ship activity data provided by the Hellenic Ministry of Mercantile Marine 

(MMM) and Piraeus Port Authority, respectively. Technical details on ship machinery were obtained 

from Lloyds Register. 

Only two navigation modes were considered, excluding cruising mode, which made sense for an 

estimation of in-port emissions. Berthed time was considered 8 hours for every ship. Maneuvering time 

was divided in 6 minutes for the mooring operation, 3 for unmooring, plus the time that ships take from 

the pier to the port’s border and back (assuming 5 knots when entering and 8 when leaving the port).  

Load factors presented in this work were obtained from inquiries made to ships calling the port of 

Piraeus. Tzannatos (2010) also addressed the economic impacts of the estimated emissions, based on 

reports from the European Commission. 

This report was especially useful for the analysis of diesel-electric cruise ships, whose allocation of 

power produced onboard is different, with diesel generators producing energy to be later used on 

propulsion system’s electric engines. In this case, propulsive power was assumed to allocate 78.2% of 

power produced, with the remaining 27.8% supplying the ship’s auxiliary systems. 

2.2. Automatic Identification System  

The Automatic Identification System has proven to be a useful tool, applied by authors, especially in 

studies addressing the characterization of ship trajectories and collision risks, as done by Silveira et al. 

(2013), whose representation of maritime traffic off the Portuguese coast, for the interval between July 

9th and August 9th of 2008, is portraited in Figure 3. Line weight is directly correlated to ship traffic 

density. 

The application of AIS for defining maritime traffic represents an opportunity for shipping companies to 

assess their efficiency and design new strategies to augment their gains. However, as Silveira et al. 

(2013) stated, AIS’ main objective, as a marine routing system, is to contribute to safety of life at sea, 

protection of the marine environment and safety of navigation in critically conditioned areas. 
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Figure 3 - Class A AIS traffic (from 9 July to 9 August 2008), Silveira et al. (2013) 

Despite its usefulness and the amount of information that it provides, AIS’ reliability is still highly 

compromised by human error, not only because the information of certain fields is regularly changed 

(like draft or destination), but also due to errors while defining settings during the transponder’s 

installation (registering a wrong ship type or name). Harati-Mokhtari et al. (2007) analyzed 400 009 AIS 

messages from ships leaving or entering Liverpool Bay, between September and October 2005, 

comparing the data with Liverpool’s Vessel Traffic Service Station (VTS) database, detecting and 

registering inconsistent information. Figure 4 shows the results from this study. 
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Figure 4 - Percentage of ships observed with inconsistent AIS information, Harati-Mokhtari et al. (2007) 

Harati-Mokhtari et al. (2007) concluded that AIS was not reliable in many cases, greatly due to the 

ambiguity of parameter filling options, especially regarding navigation status and vessel type. Length 

and beam deviations, although occurring frequently, usually do not surpass 1 meter. 

2.3. Summary 

Emissions from maritime traffic have been studied by several authors, presenting various methodologies 

to produce estimates or developing emission inventories, with some of the most referenced works being 

Entec (2002) and IMO (2014). 

Commercial databases are generally the source of ships’ technical data, especially Lloyds Register, 

providing detailed information on the world fleet. 

Studies are divided on how they obtain values of ship speed. Some used raw AIS data, mostly because 

this method has reduced the necessity for additional calculations. Ship speed based on ship’s location 

also had a significant implementation, with authors defining values based on the distance to port or 

coast. 

The same happens for the definition of navigation modes with some references pointing ship speed as 

the determinant factor, assuming different speed ranges for cruising, maneuvering and in port. These 

velocity thresholds vary between 5 and 8 knots. On the other hand, some studies used the ship’s location 

to determine the navigation mode, considering the distance to the port (when arriving and departing). It 

is noteworthy the definition by USEPA (2009) of a reduced speed zone, between the terminal and 25 

nm of the port, where ships should sail at 5.8 knots. 

Emission factors are essential for the estimation of ship emissions. However, due to the resources 

required to produce reliable emission factors, the majority of studies and reports work with values from 

other sources, with the most frequent option being Entec (2002). 

Other important contribution for emission factors calculation is given by Jalkanen et al. (2009) who 

obtained its values based on the engine’s revolution speed. However, the utilization of this method 

requires very specific technical information of the ship’s engines, which is very hard to acquire. 
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The type of exhausted gases also lacked consensus, with some works, like the one from Smith (2013), 

focusing only in a certain emission (CO2 in this particular case) while the majority of the authors 

addressed the five exhaust gases identified in this thesis (nitrogen oxides (NOx), carbon and sulfur 

dioxides (SO2, CO2), particle matters (PM) and hydrocarbons (HC)). 

Finally, although it lacks some reliability, the AIS is globally applied for ship emission estimates, with the 

alternative being ship operational data provided by ports. 
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3. METHODOLOGY FOR EMISSION ESTIMATES  

A methodology is proposed for estimating gaseous emissions of nitrogen oxides (NOx), carbon and 

sulfur dioxides (SO2, CO2), particle matters (PM) and hydrocarbons (HC) produced by ships operating 

in ports and coastal areas. Figure 5 describes the main steps of this methodology, while Figure 6 shows 

a more detailed overview of the process of emission estimations. 

 

Figure 5 - Main steps of ship emission estimates using AIS data. 

The results can be shown as a geographical distribution of instantaneous emissions as well as a total 

accumulated value, obtained by integrating the instantaneous values for the entire duration of the study.  

Instantaneous emissions depend on the ship’s main engine and generators characteristics and ship 

operation. The technical information is obtained from a database. As for the ship’s activity, Automatic 

Identification System data are used, providing time-stamped information on position, dimensions, speed 

and type of ship. These messages are encrypted and need to be deciphered to successfully retrieve the 

trajectory information of the ships. 

 

Figure 6 - Methodology for Ship Emission Estimates 

As Figure 6 illustrates, AIS data is the main input of this methodology, with the dynamic information of 

types 1, 2 and 3 messages (ship’s speed, position and time) being matched with static information 

messages of type 5 (containing the IMO number, the ship’s name, its type, length over all and beam) 

with correspondent MMSI numbers. This process will generate a profile for the ship, describing both its 

operation and main characteristics. For the cases when AIS does not identify properly the type of ship, 

an alternative method must be used, determining the type of ship based on the visited terminal or the 

vessel’s dimensions. 

This methodology requires technical information of the ships’ machinery, which is not provided by the 

AIS. For this reason, a database containing main and auxiliary installed powers, engine types (according 
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to its revolution rate, as slow, medium or high-speed diesel engines) and maximum speeds of ships is 

necessary. If a vessel is identified by AIS but is not in the database, these technical characteristics are 

approximated according to their ship’s type, length and beam. 

The emission factors used are obtained from the literature, Entec (2002), and depend on the type of 

engine as well as the fuel it consumes. As for the load factors, for the main engine are obtained by 

applying the Propeller’s Law, using the AIS-provided speed and the maximum ship speed indicated in 

the database, for the auxiliary engines, it will depend on the navigation mode, which itself depends on 

ship speed. With the emission factors, load factors and installed power the estimated instantaneous 

emission is obtained. 

The following sections scrutinize the main elements of the proposed methodology. 

3.1. Decoding of AIS Information 

3.1.1. General Information on AIS messages 

Automatic Identification System (AIS) is fitted onboard ships as a requirement arising from the SOLAS 

convention. This system returns as many as 27 types of AIS message, but only types 1, 2, 3 and 5 are 

used in this thesis. While the first three have similar content, providing information on position, speed, 

course and ship’s MMSI number, type 5 messages are used to identify the ship’s type, name and IMO 

number, including as well the vessel’s MMSI number, which allows for a match-up between this and the 

previous types, creating an operational profile for a well identified ship. Below, an example of an AIS 

sentence is presented. 

1215820800;!AIVDM,1,1,3,B,13`ddl001pOG5KLGElanD5;f0@P0,0*5c 

Every AIS message is composed of an UTC timestamp (in minutes) followed by 7 fields, separated by 

comas: 

- The first field it’s called the Packet and reports the source of the message.  This work only considers 

AIS messages transmitted by ships, represented as mobile AIS stations, AIVDM; 

- The second field indicates the number of sentences (lines) composing the AIS message (long 

messages often require more than one AIS sentence, due to size limitations); 

- The third field identifies the part of the message that the sentence corresponds to (maximum value 

is presented in the second field); 

- The forth field is the Message ID for sequential messages. If the message has only 1 part, it’s usually 

left empty; 

- The fifth field is the radio channel identification. Radio channel A is used by vessels whose use of 

AIS is mandatory by IMO, leaving channel B for the remaining vessels; 

- The sixth field is called Payload and contains the codified information that motivates the transmission;   

- The seventh and final field presents the number of bits added, to ensure that the payload’s length is 

a multiple of 6. 
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3.1.2. Payload Decoding 

The Payload is the most essential part of the AIS sentence, containing the message’s core-information 

codified. Some messages are too long to fit in a single sentence and must be split, so, before decoding, 

it is important to ensure that all lines regarding the AIS message have been received and read, 

completing the Payload. 

As for its deciphering, each Payload character is firstly converted to a numerical value according to the 

American Standard Code for Information Interchange (ASCII). Secondly, the obtained number is 

subtracted by 48. If the outcome is bigger than 40, another subtraction is required, this one by 8. The 

result is then converted to its 6-bit binary representation. By concatenating the vectors obtained from all 

the characters, the Binary Payload is obtained. This procedure is shown in Figure 7. The Binary Payload 

is divided in numerous fragments, each containing a certain information, like ship’s velocity and location. 

The boundaries of such division are explained more thoroughly in the next section. 

 

Figure 7 – Payload decoding 

3.1.2.1. Message Types 1, 2 and 3 

These messages are identical in terms of structure, with the only difference concerning the periodicity 

(type 1 – scheduled report; type 2 – assigned report; type 3 – special report). Depending on the speed 

of the vessel, it broadcasts one of these types of messages every 2 to 10 seconds. While stopped 

(anchored or berthed) the time-gap extends to 3 minutes. 

Table 1 presents the Binary Payload boundaries for each type of information along with the conversions 

required. 

Applied to most of Table 1 entries, conversion of 6-bit binary to decimal is demonstrated in figure 8. 

Every bit represents a coefficient to be multiplied by the correspondent power of base 2. The summation 

of each parcel results on the decimal representation of the number. 

 

 

Figure 8 - Conversion of the 6-bit binary 100101 to decimal (37). 
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Table 1 – Binary payload boundaries for message 1-3. 

Data Bit 

Range 

Length Type Conversion 

Message Type 1-6 6 Unsigned integer Bin. To Dec. 

Repeat Indicator 7-8 2 Unsigned integer Bin. To Dec. 

MMSI 9-38 30 Unsigned integer Bin. To Dec. 

Navigation Status 39-42 4 Unsigned integer Bin. To Dec. 

Rate of Turn 43-50 8 Signed integer Bin. To Dec. + Sign 

Speed Over Ground 51-60 10 Unsigned integer Bin. To Dec. 

Position Accuracy 60-61 1 Boolean Bin. To Dec. 

Longitude 62-89 28 Signed integer Bin. To Dec. + Sign 

Latitude 90-116 27 Signed integer Bin. To Dec. + Sign 

Course Over Ground 117-128 12 Unsigned integer Bin. To Dec. 

True Heading 129-137 9 Unsigned integer Bin. To Dec. 

Time Stamp 138-143 6 Unsigned integer Bin. To Dec. 

Maneuver Indicator 144-145 2 Unsigned integer Bin. To Dec. 

Spare 146-148 3 Not used - 

RAIM flag 149-149 1 Boolean Bin. To Dec. 

Radio status 150-168 19 Unsigned integer Bin. To Dec. 

 

In Table 1, highlighted in grey, are the parameters picked from the AIS messages of types 1, 2 and 3 

for this thesis. 

While most parameters are unsigned integers, Longitude and Latitude are signed, slightly complicating 

the conversion process. The first bit represents the signal: when is “1”, the value is negative, and all 

remaining bits must be altered (zeros turn to ones and vice-versa). In case of being “0”, the value is 

positive, and no changes are required. 

Message type and MMSI are unitless, but that is not the case for the remaining four parameters picked 

for this work. Speed is presented in knots with a scale of 0.1 (10 knots are represented as 100 in AIS). 

Longitude and Latitude values come in minutes with a scale of 0.00001 and, for easier data-handling, 

are divided by 600000, to convert them to degrees. Time Stamp corresponds to the time, in seconds, to 

be added to the UTC timestamp in the beginning of the sentence. 

3.1.2.2. Message Type 5 

Message type 5 is named “Static and Voyage Related Data”. These messages are sent every 6 minutes 

and report characteristics of the ship and its voyage. Unlike the data of the previously mentioned 

message types, the input in this case is not automatic, generating an important source of error and 

unreliable information, especially in fields that must be regularly updated. Another characteristic of these 

messages is their length, 424 bits, necessarily occupying two AIS sentences. Table 2 presents the 

Binary Payload boundaries for each type of information along with the conversions required. 
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Table 2 – Binary payload boundaries for message 5. 

Data Bit 

Range 

Length Type Conversion 

Message Type 1-6 6 Unsigned integer Bin. To Dec. 

Repeat Indicator 7-8 2 Unsigned integer Bin. To Dec. 

MMSI 9-38 30 Unsigned integer Bin. To Dec. 

AIS Version 39-40 2 Unsigned integer Bin. To Dec. 

IMO Number 41-70 30 Unsigned integer Bin. To Dec.  

Call Sign 71-112 42 Text Bin. To Dec. + Dec. To Char. 

Vessel Name 113-232 120 Text Bin. To Dec. + Dec. To Char. 

Ship Type 233-240 8 Unsigned integer Bin. To Dec.  

Dimension to Bow 241-249 9 Unsigned integer Bin. To Dec.  

Dimension to Stern 250-258 9 Unsigned integer Bin. To Dec. 

Dimension to Portside 259-264 6 Unsigned integer Bin. To Dec. 

Dimension to Starboard 265-270 6 Unsigned integer Bin. To Dec. 

Position Fix Type 271-274 4 Unsigned integer Bin. To Dec. 

ETA month (UTC) 275-278 4 Unsigned integer Bin. To Dec. 

ETA day (UTC) 279-283 5 Unsigned integer Bin. To Dec. 

ETA hour (UTC) 284-288 5 Unsigned integer Bin. To Dec. 

ETA minute (UTC) 289-294 6 Unsigned integer Bin. To Dec. 

Draught 295-302 8 Unsigned integer Bin. To Dec. 

Destination 303-422 120 Text Bin. To Dec. + Dec. To Char. 

Spare 423-424 1 Not used - 

As done for the type 1, 2 and 3 messages, highlighted in grey are the parameters of type 5 messages 

used in this thesis. 

In this case, there are no signed integers, however, the vessel’s name is a text string, which also 

increases slightly the complexity of the conversion. Like the other parameters, it is converted to a 

decimal value, but then ASCII is used to obtain letters, turning the number into their respective 

characters, in a reversed process of the initial decoding. 

A table provided by ITU – International Telecommunications Union (2014) with correspondences 

between actual ship types and the integers provided by AIS is presented in Appendix A. 

Ship’s length overall is obtained by adding “Dimension to Bow” and “Dimension to Stern”, while its 

breadth is the summation of “Dimension to Portside” and “Dimension to Starboard”. 

3.1.2.3. Output 

Vessel’s data are split between the different message types. For this reason, obtaining a full profile of 

the ship and its activity requires matching the information from both sources. Table 3 presents the 

characteristics picked from each message type.  
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Table 3 - Summary of parameters obtained from the different message types. 

Message Types 1, 2 and 3 Message Type 5 

MMSI number MMSI number 

Speed Over Ground IMO Number 

Longitude Vessel Name 

Latitude Ship Type 

Time Stamp Dimension to Bow 

 Dimension to Stern 

 Dimension to Portside 

 Dimension to Starboard 

 

Being the only common datum between the message types, the MMSI number is used as a linking 

element to match and join information regarding an identified ship, producing its profile, composed by 

the fields: MMSI, Speed, Position, Time, IMO, Name, Type, Length Overall and Breadth. 

3.2. Estimating ship technical characteristics 

The information provided upon decoding of AIS messages is quite rich in terms of positions and speed 

of the ship throughout the period of time under study but is very poor on information regarding the ship’s 

technical characteristics. Nonetheless, these characteristics are essential for estimating ships’ 

emissions with reasonable accuracy. 

Most studies and methodologies refer and use commercial databases, in particular those provided by 

Lloyds Register of Ships. However, one of the objectives of this methodology is precisely its 

independence from commercial databases. Instead, and because a database is still necessary to 

establish base points for approximations, a smaller database can be used, build from free-access online 

ship registers. 

It shall be expected that some ships detected in the AIS data won’t have their technical information so 

freely available. In those cases, data on their machinery needs to be approximated from the known 

vessels in the database. In order to procure a more satisfactory approximation, the vessel’s type is used, 

directing the interpolation to a more appropriate data pool. Due to the low-level description of ship’s type 

by AIS, an additional method to acquire this information was adopted. This method determines the ship’s 

type according to the terminal it visits. 

The following sections will address this issue of acquiring technical data of the ship’s machinery to 

produce a useful ship profile. 

3.2.1. Ship type identification 

AIS provides only a broad classification of ships in a few types: tankers, passenger ships, general cargo 

ships, fishing vessels, tugs and pleasure crafts. Disregarding the utilization of a commercial database, 

alternative methods are applied to properly identify the type of ship. 
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3.2.1.1. According to the visited terminal 

A method is proposed for determining the type of ship according to the visited terminal, with the intention 

of being applied by this thesis’ proposed methodology for estimating ship emissions. 

This section is motivated by the need to assess the effectiveness of this method, scrutinizing its process 

as well as its implementation by the SEA tool. 

On the other hand, the utilization of this method is motivated by AIS poorly definition of ship types, 

particularly on cargo ships which provides only a broad classification in a few types: tankers, passenger 

ships, general cargo ships, fishing vessels, tugs and pleasure crafts. 

Disregarding the utilization of a commercial database, alternative methods, such as this one, can be 

applied to properly identify the type of ship. 

AIS data provide accurate information on the ship’s location, to a detail that allows the identification of 

the ship’s destination (if a port call is included in the period under study). This location is generally a port 

terminal. Given that terminals are usually dedicated to a certain type of cargo, the type of visited terminal 

should indicate the type of the ship. 

This method offers a solution to AIS’ low information regarding ship type, however, its capability may be 

negatively affected by the existence of multi-purpose terminals. However, this can only be applied if the 

ship calls a port within the temporal and spatial ranges of the study.  

It is noteworthy that only the most relevant types of ship were considered, not just the most usual, but 

also the ones most affected by AIS’ lack of detail. These types were those defined by AIS as “Cargo”, 

“Passenger” and “HSC” (High Speed Craft). The HSC’s were considered because, as it was verified, 

fast ferries shared this identification. The resulting types of ship were “General Cargo”, “Bulk Carrier”, 

“Container Ship”, “Ferry” and “Cruise”.  

Figure 5 presents a scheme of the process in question. 

 

Figure 9 – SEA’s method of ship type identification based on the visited terminal. 

As Figure 9 indicates, the inputs of this method are the AIS data, providing information on ship type, 

position and speed, and the terminal’s data, as their location and type of cargo.  
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The input file contains up to 25 million sentences of AIS communications. SEA, the implementation tool, 

starts by reading this file, identifying and decoding messages of types 1, 2 and 3, saving operational 

characteristics to the designated ship profile, generated when a new MMSI number is detected. This 

process is repeated for type 5 messages, with variables being saved to ship profiles of matching MMSI 

number. 

After decoding and matching AIS messages, SEA searches for ships that visited the studied region for 

a defined duration. This selection is performed by comparing ship positions against the coordinates 

defining the area of study.  

A second selection is made, to obtain exclusively ships whose AIS-defined types matched those 

targeted by this method (“Passenger”, “Cargo” and “HSC”). 

To determine which terminal is visited by a certain ship, SEA registers ship positions with speeds slower 

than 1 knot, defining its navigation mode as moored. One very important procedure is the elimination of 

the saved mooring positions when the speed rises above 1 knot. This reduces the chances of 

maneuvering ships registering mooring positions away from the visited terminal. 

For ships cataloged by AIS as “Cargo”, the implementation tool assumes the ship to be visiting a terminal 

when it is moored for more than 2 hours. The mooring position detected is averaged with the previous 

four positions received from AIS. 

As for “Passenger” and “HSC”, the time interval is reduced to 5 minutes, due to the short mooring time 

of ferries, and the registered position is averaged with only the latest 2 points. 

After establishing the average position while berthed, SEA calculates the distance to each terminal, 

using the orthodromic distance, as Shylaja (2005), with the haversine formula, shown in Equations 1 to 

3. 

ℎ𝑎𝑣𝑒𝑟𝑠𝑖𝑛𝑒
𝑑

𝑅
= ℎ =  ℎ𝑎𝑣𝑒𝑟𝑠𝑖𝑛𝑒(𝛼 − 𝛼 )  +  𝑐𝑜𝑠(𝛼 ) 𝑐𝑜𝑠(𝛼 ) ×  ℎ𝑎𝑣𝑒𝑟𝑠𝑖𝑛𝑒(𝛽 − 𝛽 ) 

ℎ𝑎𝑣𝑒𝑟𝑠𝑖𝑛𝑒(𝜃) = sin
𝜃

2
 

𝑑 = 2 𝑅 arcsin (√ℎ) 

The distance is denoted in the equation as d, and it is expressed in the same units as the Earth’s radius, 

R, in this case, meters. As for α1 and α2, they represent the latitudes of both points, while β1 and β2 

represent their longitude, in radians. Latitude and Longitude values obtained from AIS are in degrees, 

requiring a conversion to radians. 

The character θ has no particular significance in the distance calculation, only being used in Equation 2 

to define the haversine function. Finally, the term h is only used to facilitate the formulae presentation. 

By comparing the distance to each terminal, the shorter value produces an assumption of ship type. 

This process is repeated for every call detected for the duration of the AIS data provided in the files, 

defining the ship type as the one most frequently assumed for the ship. 

(1) 

(2) 

(3) 
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Results of the application of this method at the port of Lisbon are shown in section 5.1, presenting 

success rates for daily definitions of ship type. 

3.2.1.2. According with dimension categories 

As mentioned before, AIS definition of ships, especially those of cargo, has a very low level of detail, 

demanding an additional step in the differentiation to allow the accurate categorization of bulk carriers, 

general cargo, container ships and ro-ro ships. 

Since the previous method depends on the existence of port calls during the studied period, another 

method is considered, based on ship dimension ratios, comparing the values for the ship in question 

with the database averages. This method is a last resort to define the ship’s type, only to be used when 

none of the other sources can provide acceptable results. Base point values were defined according to 

data from AIS and are demonstrated in Table 4. 

Table 4 - Base point values for dimension-based ship type definition 

 Length Length x Beam Length / Beam 

General Cargo <210 <2500 6.5 

Container >100 >1600 7 

Bulk >100 >1600 7.2 

 

These conditions are checked, starting with the length. If the vessel is not identified there as general 

cargo, the product of length and beam is tested. In a last instance, if the ship type is still undefined at 

this stage, it is assumed to be of the type whose correspondent ratio of length to beam is closest to the 

vessel’s respective value. 

3.2.2. Ship Characterization 

Having characterized the ship type in a more accurate way than the simple type indication coming from 

AIS information, two options exist for determining the technical characteristics of the ship. One option is 

to search for the ship’s characteristics using the web, magazines or class registries, but this needs to 

be carried out manually for a large number of very different ships. Other option is to use a ship database 

and obtain the characteristics of the ship from the database. 

3.2.2.1. Information from the Web 

This option is feasible for when targeting the emissions of a small area, or even better, for a single and 

known ship. However, if the intention is to apply this methodology to one of these mentioned cases, it 

can be more time-efficient to search the information on the particular ship or small group of ships, than 

producing or updating a database.  
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While some websites like Marine Traffic have information on all the ships emitting AIS messages, that 

information is the same as issued in the AIS data, not mentioning anything on the ship’s machinery. This 

type of data is actually very scarce on the internet, at least on freely available registers. 

Nonetheless, some sites provide this type of information, as it is the case of Bureau Veritas Register, 

whose segment of available information on a certain ship is presented in Figure 10. 

 

Figure 10 - Segment of information on ship machinery provided by Bureau Veritas for a given ship. 

Underlined are the most important values to develop this methodology (image edited from Bureau Veritas 

Register’s website). 

As figure 10 shows, there is information on ships, free and readily available on the web, but that is the 

case for only certain ships, as this website provides data on ships registered with Bureau Veritas as 

their classification society. Other classification societies offer technical information of their registered 

ships, but Bureau Veritas data is more detailed and better organized. 

Alternative sources for ships that are not under Bureau Veritas classification is the website 

Scheepvaartwest, which contains a considerable portfolio on ships characteristics. Especially for being 

a non-commercial website, it is a recommended source of information. 

3.2.2.2. Database 

This option has two possible ways to be implemented:  

1. The ship is included in the database and the technical characteristics can be extracted directly,  

2. The ship is not in the database and the database is used to interpolate most likely 

characteristics.  

The technical characteristics of interest for emission’s calculations are, at least, the number of main 

engines, installed power (kW), engine type (diesel, electric, gas turbine), engine speed (slow, medium, 

high), number of auxiliary engines (generators), power of auxiliary engines (kW). The ship’s service 
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speed and the types of fuel used in the main and auxiliary engines are also important. Existing ship 

databases that include these technical characteristics have been used in this thesis to determine the 

details of the ships whose movements are under study. These databases are organized by ship type: 

container ships, tankers, bulk carriers, cruise ships, Ro-Pax and ferries. The information contained in 

these databases is interpolated using the length over all of the ship if the ship it is not itself present in 

the database or the information is not complete.  

3.2.2.3. Default ship profiles 

If a ship’s technical characteristics cannot be found and the type of ship cannot be properly identified to 

support an interpolation with databases’ information, a standard ship profile is assigned to it, based on 

its length overall (LOA), as presented by Table 5. 

Table 5 - Ship profiles for vessels with unknown technical data. 

 Profile 1 Profile 2 Profile 3 

LOA (m) ≤ 20 20 < LOA < 60 ≥ 60 

Main Engine’s Power (kW) 200 1750 407.25 x e0.0182 x LOA 

Main Engine’s Type HSD MSD SSD 

Main Engine’s Fuel MGO MDO RO 

Auxiliary Engine’s Power (kW) 0 150 0.1525 x ME Power + 85.064 

Auxiliary Engine’s Type - HSD MSD 

Auxiliary Engine’s Fuel - MGO MDO 

Maximum Speed (knots) 17 13 16 

These profiles were produced based on the observation of the existent database and the type of ships 

circulating in the port of Lisbon. 

Profile 1 resembles a patrol vessel, able to achieve high speeds with a low installed power due to its 

reduced dimensions and resistances. Profile 2 resembles a vessel operating as ferry or tug, already 

with considerable power installed and a small generator onboard. Profile 3 resembles a cargo ship 

whose power installed depends on its length overall. The expressions used for the main engine’s and 

auxiliary engine’s installed power were obtained, respectively, through exponential and linear regression 

of know technical information of general cargo ships from the available database. 

3.3. Estimating ship emissions 

Methods for ship emission estimations are either defined as top-down or bottom-up. While the first focus 

on fuel consumption and composition, analyzing ship’s purchase and supply of fuel, bottom-up methods 

focus on ship operation, studying the workloads of the engine in the different modes of navigation, 

producing more detailed results with the possibility of defining the volume of emissions on a certain 

geographical area. 
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This thesis develops a bottom-up method, that uses AIS data and ship’s technical characteristics to 

estimate values for instantaneous ship emissions at every AIS message time-stamp, which are then 

integrated for the duration of the ship’s operation. 

The base of calculations for instantaneous emissions in grams per second (e) is edited from Yau, et al. 

(2012): 

𝑒 =
𝑃 ∗ 𝐿𝐹 ∗ 𝐸𝐹

3600
 

According to Equation 4 the instantaneous emissions are defined by the product of the installed power 

(P), load factor (LF) and emission factor (EF). The denominator converts the output units from grams 

per hour to grams per second, since, for convenience, the power is inserted in kilowatts, the load factor 

is unitless and the emission factor (EF) shall be in grams per kilowatt-hour.  

A ship’s instantaneous emission corresponds to the summation of the results of Equation 4 applied to 

the different power production systems, such as Main engines and Auxiliary Engines, at a given instant, 

for a given substance. 

3.3.1. Installed power 

The main source of ship’s gaseous emissions are the exhausted combustion products from the power 

production systems, resulting in a direct proportionality between the mass of emissions and the installed 

power onboard.  

The installed power is difficult to be estimated based on data provided in the AIS messages, especially 

the installed power of generators and boilers. For this reason, the information used is retrieved with the 

application of methods described previously in section 4.2.2. 

3.3.2. Modes of navigation 

There are three essential states of a ship’s operation: Berthed (loading or unloading), Maneuvering 

(usually when entering or exiting the port) and Cruising (travelling between ports). 

(4) 
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Figure 11 - Values of ship speed (in knots) for the route of a ship entering the port of Lisbon. 

In this thesis, these three modes of navigation are defined based on the ship’s speed, as done in Li, et 

al. (2016), Tichavska, et al. (2015). Similarly to Jalkanen, et al. (2016), the limits assumed determine 

that cruising ships will move at speeds higher than 5 knots, while maneuvering ships will circulate with 

speeds between 1 and 5 knots and berthed ships are allowed a margin of 1 knot (instead of a stand-still 

situation of zero knots), due to the AIS’ sensitivity and the improbability of a fully-static state.  

In Figure 11 it is possible to identify the different navigation modes according to the ship’s velocity. 

Entering the port in cruising mode, there is a moment near 38.69º N, 9.24º W, when there’s a speed 

reduction, signaling a probable maneuver or a waiting period for the pilot vessel. Closer to the terminal, 

there is another speed reduction this time is probably associated with the mooring of the ship. 

While the design speed is obtained from the database, the instantaneous speed comes directly from the 

AIS data. An alternative method for the estimation of the instantaneous speed would be the definition of 

velocity, estimating the distance travelled as the geographical difference between the actual and last 

known location, and the time interval would be the same as the one between consecutive AIS messages. 

This method was not considered due to its highly dependence on the AIS messages’ regularity and the 

singularity produced on its first detected point. 

3.3.3. Load factor 

Engines are designed to work with a certain load, but during their operation it is impossible to maintain 

the same loading condition. These differences in the work load of the engine will affect fuel consumption 

of the ship and its emissions.  
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As in IMO (2014), this thesis also assumes that the power provided by the ship’s main engine is fully 

allocated to its propulsion, while the generators provide power to secondary systems, exception being 

cruise ships with diesel-electric propulsion, with 78.2% of generators installed power supplying the 

propulsion system, as Tzannatos (2010).  

3.3.3.1. Main engine 

Main engine’s work load is directly related to the ship’s speed, and, as the Propeller Law states, “the 

necessary power delivered to the propeller is proportional to the rate of revolution to the power of three” 

(MAN Diesel & Turbo (2011)). However, extrapolating this proportionality to the relation between the 

engine’s installed power and the ship’s speed, requires some assumptions: 

1. The efficiency of the power production system and the shaft line are constant for different engine 

loading conditions, with the installed power being proportional to the power of the propeller; 

2.  The propeller’s pitch is fixed, ensuring the proportionality of the ship’s velocity and the 

propeller’s rotating speed. This assumption is necessary since, with controllable pitch propellers, the 

same values of maximum ship speed and propeller’s maximum and instantaneous rates of revolution, 

may generate different values of instantaneous ship speed. 

This way, the load factor can be calculated as the ratio between the power of three of instantaneous (i) 

and maximum (max) vessel speeds: 

𝐿𝐹 =
𝑃

𝑃
 =

𝐶 × 𝑃

𝐶 × 𝑃
=  

𝐶 × 𝑛

𝐶 × 𝑛
 =

𝐶 × 𝑉

𝐶 × 𝑉
 =

𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑆𝑝𝑒𝑒𝑑

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑆𝑝𝑒𝑒𝑑
  

where C1, C2 and C3 are constants, defining the linear proportionality along the demonstration. 

The obtained load factor is applied to the main engine’s installed power. 

3.3.3.2. Auxiliary power 

For the different modes of navigation, the auxiliary engines will have different workloads, with the 

maximum values usually occurring at the beginning and ending of a voyage or during loading/unloading 

operations, being independent of ship’s speed. 

Due to the endless variables influencing the instantaneous workload of the generators, this thesis, as 

suggested by Entec (2002), considers fixed values for the auxiliary engines’ load factor depending on 

the ship’s type and navigation mode.  

Due to the lack of information and knowledge of auxiliary engines’ inconsistent workloads, the values 

are fixed and independent of the navigation mode, as Table 6 shows. They are also considered to be 

similar for every type of ship, with the exception of tankers, due to the additional power supplied to 

pumps during loading/unloading operations. 

 

 

 

(5) 
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Table 6 - Auxiliary Engines' load factor from Entec (2002). 

 Auxiliary Engines’ Load Factors (%) 

At sea 30 

In port (tankers) 60 

In port 40 

Maneuvering 50 

 

While applying the same load factors for every ship type may seem like a rough assumption, most cargo 

ships operate in similar circumstances, with the most concerning case being passenger ships, which 

may register heavier load factors do to the necessity of supplying large accommodations and public 

spaces. However, for the case of ferry ships, the installed power of auxiliary engines is usually low (for 

ferries in the port of Lisbon auxiliary engines represents between 1.8% and 2.6% of the total installed 

power) and the case of cruise ships with diesel-electric systems is a particular one, as mention in the 

beginning of section 3.3.3, with load factors according to Tzannatos (2010) and depending on the 

season (summer or rest of the year). These factors are portraited in Table 7. 

Table 7 - Auxiliary Engines' Load Factors for diesel-electric cruise ships edited from Tzannatos (2010). 

 Auxiliary Engines’ Load Factors - Cruise ships (%) 

Summer Rest of the year 

At sea 30 30 

At berth 60 40 

Maneuvering 75 60 

 

This distinction between seasons is justified by the increased demand of air conditioning during summer, 

as it is of outmost importance for cruise ships to guarantee their passengers comfort. 

3.3.4. Emission factor 

Besides ship’s performance or power production systems, many other factors influence the mass of 

exhausted gases, some are easier to measure than others. While attempting to quantify ship emissions 

without the need to apply corrective coefficients to adjust the results for each of the infinite aspects that 

may affect the estimations produced, Entec (2002) developed emission factors. 

These factors were derived by combining emission databases, from IVL Swedish Environmental 

Research Institute and Lloyds Register Engineering Services, with the European Commission’s 
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database of ships circulating in the North Sea, Irish Sea, English Channel, Baltic Sea, Black Sea and 

the Mediterranean. Entec (2002) has analyzed 608.942 ship movements, in the designated area, during 

a four-month period of study in the year 2000, presenting tables of the derived emission factors for the 

substances NOx, SOx, CO2, HC and PM, depending on the type of engine installed (slow, medium or 

high speed) as well as the type of fuel being consumed (marine gas oil, marine diesel oil and residual 

oil) and the navigation mode (at sea, maneuvering and in port).  

Table 8 demonstrates values taken from a segment of the above-mentioned tables, illustrating emission 

factors for slow and medium speed diesel engines. 

Table 8 - Main engine emission factors for cruising mode, from Entec (2002). SSD and MSD represent 

respectively slow and medium speed diesel engines. MGO stands for Marine Gas Oil, while MDO and RO 

stand for Marine Diesel Oil and Residual Oil respectively. Values in g/kWh. 

 NOX SO2 CO2 HC PM 

SSD / MGO 17.0 0.9 588 0.6 0.3 

SSD / MDO 17.0 3.7 588 0.6 0.3 

SSD / RO 18.1 10.5 620 0.6 0.8 

MSD / MGO 13.2 1.0 645 0.5 0.3 

MSD / MDO 13.2 4.1 645 0.5 0.3 

MSD / RO 14 11.5 677 0.5 0.8 

 

By observation of Table 8, it is noticeable that while SO2 emission factors depends greatly on the type 

of fuel, NOX emission factors depend on the type of machinery installed. CO2 follows the pattern of the 

SO2 but on a less evident degree and much bigger scale (larger specific values). 

3.3.5. Low load adjustement 

Even though the relation between the engine’s work load and its emissions is, in general, directly 

proportional, there is a situation, usually associated with maneuvering ships, when the mass of the 

emissions increases with the decreasing load factor. 

In this thesis, as in USEPA (2009), regression equations of emission rate as a function of fractional load 

are used to obtain proper emission estimates for ships working with low main engine loads (load factor 

at 20% or lower). These regressions were created with data from the results of emission tests performed 

on a sample of 291 ships in USEPA (2000). While the remaining exhaust gases were directly associated 

to the main engine’s load factor, USEPA’s report portrays SO2 emission rate as a function of the sulfur 

flow (defined by the emission factor).  
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Eq.6 and Eq.7 illustrate the regression lines’ equations while Table 9 presents the coefficients a, b and 

x, as well as the coefficient of determination (r2). 

𝐿𝑜𝑤 𝐿𝑜𝑎𝑑 𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑚𝑒𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 {𝑁𝑂 , 𝐶𝑂 , 𝐻𝐶, 𝑃𝑀} = 𝑎 (𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐿𝑜𝑎𝑑) + 𝑏   [𝑔/𝑘𝑊ℎ] 

𝐿𝑜𝑤 𝐿𝑜𝑎𝑑 𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑚𝑒𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 {𝑆𝑂 } = 𝑎 (𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟) + 𝑏                                  [𝑔/𝑘𝑊ℎ] 

Table 9 - Coefficients a, b and x for the different emission species and correspondent regression’s 

coefficient of determination 

 NOX SO2 CO2 HC PM 

a 0.1255 2.3735 44.1 0.0667 0.0059 

b 10.4496 -0.4792 648.6 0.3859 0.2551 

x 1.5 - 1 1.5 1.5 

r2 0.57 0.78 0.65 0.52 0.95 

 

Analyzing equation 6 and Table 9, it is possible to determine that the coefficient b represents the base 

value for the new emission factor, coefficient x defines if the inverse relation with the load factor (the 

emission factor rises with the decreasing of the load factor) and coefficient a describes the rate of 

proportionality. 

As for equation 7 and the particular case of SO2 emissions, the negative value might indicate that the 

emission factor would decrease. An additional analysis was performed to verify in which cases this 

situation would occur mathematically, as demonstrated in equation 8, where EF stands for Emission 

Factor and the coefficients a and b are those from Table 9. 

(𝑁𝑒𝑤 𝐸𝐹) < (𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐸𝐹)          ≤>            𝑎 (𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐸𝐹) + 𝑏 < (𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐸𝐹) 

(𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐸𝐹) <  
− 𝑏

(1 − 𝑎)
  ≈ 0.349 g/kWh 

So, as equation 9 demonstrates, SO2 emissions would only decrease with the load factor, under low 

load operation, if the original emission factor was smaller than 0.349 g/kWh. Since the smallest load 

factor of those applied in this thesis is of 0.9 g/kWh, the inverse proportionality between load factor and 

emission factor for SO2 emission during low load operation is confirmed. 

On a final note, should be noted the higher value of coefficient of determination of SO2’s regression, 

than the equivalent expressions for NOX and CO2. This higher value supports the assumption of SO2 

emissions depending more on the type of fuel (weighted on the emission factor determination) than the 

engine’s load factor. 

With the analysis of this parameter the description of the methodology is concluded, being now possible 

to implement it on case studies, as the next section will demonstrate. 

(6) 

(7) 

(8) 

(9) 
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3.4. Implementation 

The proposed methodology is implemented into the tool SEA, which divides the process in 5 steps: 

i) AIS decoding 

ii) Area restriction 

iii) Ship profile definition 

iv) Emission estimation 

v) Results preparation 

The first step comprises the decoding of AIS data, from the reading of the files containing AIS messages 

to the sorting of necessary information. As for the second step, it defines the area of study, identifying 

ships that navigate through it. Those ships are then associated with their correspondent technical data, 

producing ship profiles, in the third steep. With the ship profiles defined, instantaneous emissions 

estimates are ready to be calculated, at the fourth step of the implementation. As the fifth and final step, 

the results of instantaneous emissions are organized to produce the desired output (total amount of 

emissions, geographical distribution per voyage, geographical grid distribution). The following sections 

will address with more detail each of these different steps. 

3.4.1. AIS decoding 

A file containing rows of AIS messages is the input for the implementation of this methodology with the 

tool SEA. When reading each row of this file, the various segments of the correspondent message are 

isolated and identified, as defined in Ch. 4.1.1. 

After checking if the message is complete, by comparing the AIS sentence segments respecting 

message part and message size, the payload is decoded. This is done by cycling through the payload’s 

string, translating every character to their correspondent ASCII value and again to a 6-bit binary vector. 

By concatenating every 6-bit vector, a payload vector is obtained. 

With a complete binary payload, SEA reads the first 6 bits, which define the message type, and finding 

it to be of types 1, 2 or 3, the implementation tool proceeds to identify the ship by its MMSI number, 

obtained by decoding bits 9 to 38. The MMSI number is then searched and, if not found, added to a 

vector of previously identified ships.  

SEA proceeds to decode latitude and longitude values, checking the first bit assigned to each 

coordinate, because AIS has negative values for South and West directions, with the signal being 

defined by the first bit (“1” for negative and “0” for positive coordinate). If the first bit is “1”, the 

implementation tool inverts the remaining bits before decoding the coordinate value. Before saving the 

new coordinates to the ship’s matrix of previously detected positions, SEA divides them by 600000, 

converting the units from 1/10000 min to degrees. 

Values of timestamp and speed are also added to respective vectors with the ship’s previous data, with 

the second one being multiplied by 0.1 storing the value in knots. 
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This concludes the decoding of types 1, 2 and 3 messages. The implementation proceeds to the 

decoding of type 5 messages. The deciphering of this type of message is similar to the one just 

described for types 1, 2 and 3, but with some particularities. 

Using the same file containing AIS messages, SEA reads again each row, each AIS sentence, isolating 

and identifying each segment. However, this time, after obtaining binary payload, the implementation 

tool searches for messages identified in the first 6 bits as type 5 and with new MMSI numbers (the 

information being taken from these messages is expected to be constant on a long term, not requiring 

more than one message per ship). Upon finding a message of this type, with a new MMSI number, SEA 

decodes from the binary vector the IMO number, the length overall (by summation of AIS apparatus 

“distance to stern” and “distance to bow”) and the beam (by summation of “distance to portside” and 

“distance to starboard”). Ship’s name and type are also obtained but require some additional attention. 

The ship’s name is decoded through a similar way of what would be a reverse process of the payloads 

decoding to binary, i.e., every 6 bits of the assigned binary payload segment are decoded to decimal 

and then again to a correspondent ASCII character. 

As for the ship type, it is obtained from the binary payload as an integer, with a table provided by ITU 

(2005) being used to translate this number to an actual type of ship. 

With the data properly defined, SEA saves the numerical variables as a new entry on a matrix, while the 

ship’s name and type are added to cell arrays. It is important to note that the row correspondent to the 

ship’s entry in the matrix will be the same as the one for the cell arrays. 

Finally, SEA proceeds to match the information acquired from message types 1,2 and 3 with that from 

type 5. Being the only common link between them, the MMSI number is used, adding the new 

information from type 5 messages to a structure assigned for the ship, containing the information on its 

activity, previously obtained. 

This concludes AIS decoding, with the implementation tool advancing to the determination of the studied 

area and restriction of considered fleet. 

3.4.2. Area restriction 

This step is relatively short, but of the outmost importance to define the object of study where this 

methodology is being applied. Firstly, the coordinates defining the area of study are manually inputted 

(being particular to every and each study). Then, the implementation tool starts cycling through ships’ 

matrixes of positions, eliminating entries whose coordinates are not comprised between the limits 

established for latitude and longitude in the definition of the study area.  

For each entry eliminated from the positions’ matrix, its correspondent entry is also eliminated from the 

vectors of speed and time. Finished with restricting ship positions, SEA eliminates the remaining data 

for ships with empty position matrixes. For the remaining ships, the next step is the definition of their 

profile, containing both technical and ship activity data. 
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3.4.3. Ship profile definition 

Before assigning technical data to each ship, their ship type is properly defined. This is firstly attempted 

by applying a method developed by this thesis, defining the type of ship based on the visited terminal. 

The method is described in chapter 3.2.1.1. This method’s focus are ships defined by AIS as “Cargo”, 

“Passengers” and “HSC”, defining them as “General Cargo”, “Bulk Carrier”, “Container Ship”, “Ferry” 

and “Cruise”, accordingly to the type of terminal where the ship more often reveals speeds below 1 knot. 

For ships identified as “Cargo” without speed values below 1 knot, the specific ship type is assigned 

according to its length overall and beam. 

With ship types properly assigned, SEA proceeds to complete ship profiles by adding the correspondent 

technical data to their already known information.  

For ships with defined ship types, the respective database is loaded from a text file and the search 

method is defined. This is necessary because, while for ferries, tugs, towing vessels and other small 

vessels the search for the ship’s technical data through the database is performed using the ship’s 

name, for the remaining ship types this is done with the IMO number. 

When the ship is found in the database, values are assigned for its maximum speed, main engine’s as 

well as auxiliary engine’s power, type and fuel. The definition of engine type is based on it’s rated 

revolution rate, with medium speed diesel engines being assigned to values between 300 and 900 

rotations per minute. By surpassing this range, the engine is classified as high-speed diesel engine, and 

when the revolution rate is inferior to 300 rotations per minute, SEA considers the motor to be a slow 

speed diesel engine. 

It is noteworthy that cruise ships are well identified in the database and the value assumed there as 

main engine’s installed power (which is going to be used to estimate emissions based on ship’s 

propulsion) is, as Tzannatos (2010), 78.2% of the installed power from generators. 

For the cases with undefined ship types, the search through databases is still performed, loading the 

text files one by one. 

If the ship is not found in the databases, but its type is well identified, technical characteristics are 

obtained using the length overall and interpolating data from ships of the same type whose technical 

information is known. 

If the ship, besides not being found in any database, has its ship type undefined, default values are 

designated for its technical characteristics. These values depend on the length overall, defining three 

different profiles. Ships with a length overall smaller than 20 meters, are assigned to the small ship’s 

profile (main engine power of 200 kW). From 20 to 60 meters, ships are identified with a profile defined 

based on technical characteristics of tugs and ferries (main engine power of 1750 kW). Finally, for ships 

with a length overall surpassing 60 meters, the profile assigns values of engine power using an 

exponential regression of general cargo ships in the database, relating the installed power with the 

length overall. As for the auxiliary engines’ power, it is a linear regression based on the value of main 

installed power obtained. 



  

35 

With the technical characteristics defined, these values are added to the ship activity existent profile, 

producing a complete ship profile, ready to be assessed on its emissions. 

3.4.4. Emission estimation 

At the beginning of this step, filters are applied to the ship’s activity data, in order to remove wrongful 

data and avoid erroneous results. 

The first filter is applied to all ships, removing entries from their vector of speed values when these 

surpass the assigned maximum speed. Once again, the respective entries are also removed from the 

timestamp vector and position matrix. 

As for the second filter, it is only applied to ferries and seeks to eliminate entries for when the ship is 

inactive during night hours. With the timestamp vector containing values in seconds, entries are 

eliminated if they correspond to the first 19 800 seconds of each day (assuming the service is stopped 

from midnight to 5:30 am). This filter is applied to consecutive days by adding 86400 seconds to the 

[0,19800] range for each day. 

After verifying that the application of these filters didn’t emptied completely the operational information 

vectors and matrix, SEA proceeds to organize in their respective matrixes the values for emission 

factors, obtained from Entec (2002) and for low-load factors, obtained according to USEPA (2000), with 

equations 6 and 7 from chapter 3.3.5. 

The main engine’s load factors are then defined, based on the Propeller’s Law, as explained in section 

4.3.3.1, from the cube of the quotient between instantaneous speed and maximum speed. As for the 

auxiliary engine’s load factors, the values are obtained from Entec (2002), depending on the navigation 

mode. 

Having all the data required, SEA cycles through the vector of ship speed values, calculating the 

emission estimates which will vary with the navigation modes and main engines load factor, with both 

these parameters depending on the ship’s speed. 

This concludes the calculation of instantaneous emissions. The next step will address different ways of 

presenting these results. 

3.4.5. Results preparation 

The treatment provided to the values of instantaneous emissions depend on the intent and scope of the 

study in question. The implementation tool is prepared to present total values of emissions and 

geographical distributions for one or more ships, as well as a grid distribution of emissions from port 

traffic. 

To obtain the cumulative values of emissions, SEA cycles through the previously obtained ship 

instantaneous emissions, using the trapezoidal numeric integration for the duration of the study. The 

implementation tool skips over time gaps of 2 hours or more between consecutive data points. 



  

36 

As for the geographical distribution, SEA plots a scatter graphic over an image of the study area, with 

the xx and yy axis presenting longitude and latitude values, respectively, and a color gradient defining 

the mass of ship emissions for each represented instant. 

The geographical distribution of ship emissions using a grid is slightly more complex. For this 

presentation of results, values of instantaneous emissions are saved in a matrix with the respective 

position of the ship. Following the storage of data, the implementation tool defines the dimensions of the 

grid cells. Then, it starts a cycle to run through the range of latitude of the study area, with a spacing 

equal to the length of the grid cells. Inside that cycle SEA runs another one for the longitude range, 

using the width of the grid cells as spacing. This allows the implementation tool to focus each cell 

individually, searching through the matrix of instantaneous emissions for those with associated positions 

within the focused grid cell, storing the sum of every value found in a vector. This process is repeated 

for every type of emission. 

With the vector of emissions per grid cell, a Figure is produced, with an image of the area of study in the 

background. The same two cycles are applied through longitude and latitude (it is very important that 

these cycles are exactly executed in the same order and with the same values as the previous ones), 

plotting squares in the image and coloring them with a grey-scaled gradient with the maximum value of 

the emissions-per-cell vector defined as black while the color white defines 0+ emissions (cells 

registering zero emissions are not plotted, otherwise the whole image would be plotted over and it would 

be impossible to locate the grid cells in the study area. 
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4. TESTING THE SHIP TYPE IDENTIFICATION METHOD 

AIS provides data regarding the destination, however, not only is it manually inputted, promoting human 

error on its information, but also indicates only the port, not specifying the terminal. Still, AIS messages 

contain accurate data on the ship’s location, to a detail that allows the identification of the ship’s visited 

terminal. To assume that, by knowing this terminal, the type of ship is also known, is to assume that 

terminals are dedicated to a certain type of cargo, not receiving ship’s dedicated to other types of cargo. 

This section tests the proposed method for identification of ship type based on the visited terminal at the 

port of Lisbon, presenting the statistical efficiency of this assumption. 

4.1. Ship type identification by visited terminal at the port of Lisbon 

Only ships identified in AIS as “Passenger”, “General Cargo” and “HSC” (High Speed Craft) were 

addressed, leaving out Tanker ships, whose identification by AIS is satisfactory. High speed crafts were 

considered because it was observed that some known ferries were identified as HSC by AIS, being high 

speed crafts destined to passenger transportation.  

While AIS data available detected 5905 ship for the studied period, only 253 vessels visited the port of 

Lisbon from which 183 ships were characterized by AIS as the types of ship focused by this method.  

4.1.1. Location – Port of Lisbon 

Figure 12 points out Lisbon’s location in the Portuguese central coast, with its port occupying most of 

river Tagus’ estuary. The area of study is delimited by the coordinates: (38.650000° N, 9.318244° W) 

and (38.789679° N, 9.004205° W). 

 

Figure 12 - Lisbon location at river Tagus estuary. Detail to the right scaled 10:1 to the image on the left. 

Satellite images from Google Maps. 
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Since this process requires knowledge of the terminal’s location, Table 10 presents the coordinates 

defined by SEA for port of Lisbon’s terminals, while Figure 13 shows their location. Terminal 

identification was developed according to data provided by the port of Lisbon. 

Table 10 – Port of Lisbon’s terminal locations and correspondent ship type’s definition. 

Terminal # Latitude (° N) Longitude (° W) Ship Type 

1 38.699757 9.168623 Container 

2 38.717619 9.116877 General Cargo 

3 38.719491 9.115433 Container 

4 38.722923 9.112175 General Cargo 

5 38.725819 9.107100 Container 

6 38.730758 9.104866 Bulk 

7 38.732789 9.103505 General Cargo 

8 38.735551 9.102129 General Cargo 

9 38.737987 9.100583 General Cargo 

10 38.679210 9.184530 Bulk 

11 38.668257 9.073302 General Cargo 

12 38.694336 9.198359 Ferry 

13 38.704093 9.145503 Ferry 

14 38.706281 9.132935 Ferry 

15 38.699364 9.008533 Ferry 

16 38.653546 9.088604 Ferry 

17 38.686543 9.145296 Ferry 

18 38.699443 9.166306 Cruise 

 

Figure 13 – Port of Lisbon identified terminals. Satellite image from Google Maps. 
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4.1.2. Results 

Inputted files of AIS messages were organized according to their timestamp, with each file containing 

messages emitted on a single day, from 00:00:00 to 23:59:59. This meant that different ship types could 

be assigned to the same ship on different days, but also that only one ship call per day would be 

considered. That was useful to test the method’s consistency, reanalyzing ships and comparing newly 

obtained ship types with those previously determined. Table 11 presents the absolute frequency of ship 

calls for each terminal. 

Table 11 - Absolute frequency of ship calls per identified terminal. 

Terminal # Ship Calls Ship Type 

1 105 Container 

2 19 General Cargo 

3 28 Container 

4 65 General Cargo 

5 58 Container 

6 10 Bulk 

7 26 General Cargo 

8 19 General Cargo 

9 19 General Cargo 

10 33 Bulk 

11 31 General Cargo 

12 38 Ferry 

13 57 Ferry 

14 4 Ferry 

15 48 Ferry 

16 97 Ferry 

17 251 Ferry 

18 21 Cruise 

 

The efficiency of this process was thus evaluated in two distinct phases: Daily assessment, analyzing 

ships that called in the port of Lisbon on a given day, and, secondly, an individual approach, to each of 

the 183 vessels detected for the entire duration of the study, based on the absolute frequency of correct 

ship type determinations during daily assessments. Real ship types were defined according to Marine 

Traffic’s website. 
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Table 12 presents the distribution by ship type of the 929 data points, associated with daily assessment 

on calling ships, comparing it against the real ship types. 

Table 12 – Calls per ship type. 

 Ship Calls 
(SEA) 

Ship Calls  
(Marine Traffic) 

Absolute 

Difference 

Relative 

Difference 

Ferry 495 494 +1 +0.2% 

Cruise 21 22 -1 -4.5% 

Bulk 43 44 -1 -2.3% 

Container 191 185 +6 +3.2% 

General Cargo 179 182 -3 -1.6% 

Fishing vessel 0 2 -2 -100% 

 

It is noteworthy the miss-identification on AIS of a fishing ship as Cargo, strengthening the conclusions 

of Harati-Mokhtari et al. (2007) regarding AIS data reliability, referred to in section 2.2.  

The results of Table 12 analysis can possibly be misleading, considering the apparently low error 

portraited. This happens because there is a coincidental compensation between the erroneous results, 

i.e., if a container ship is wrongfully defined by SEA as bulk carrier and a bulk carrier is wrongful defined 

as a container ship, the number of registered vessels for each of these types remains the same, but the 

error in ship type determination is still there. In an attempt to clarify this situation, Table 13 is presented, 

demonstrating the distribution of failed results by ship type. 

Table 13 - SEA's error distribution by ship type (Daily assessment). 

 
Real Ship Type (according to Marine Traffic's website) 

Ferry Cruise Bulk Container 
General 

Cargo 
Others 

SEA 

Ferry 
 

1 0 0 0 0 

Cruise 0 
 

0 0 0 0 

Bulk 0 0 
 

2 7 0 

Container 0 0 0 
 

35 3 

General Cargo 0 0 10 29 
 

0 

 

As Table 13 confirms, the number of containerships wrongfully defined by SEA as general cargo is 

similar to the number of general cargo ships wrongfully defined as containerships, covering each other’s 

erroneous result, as detected in Table 12.  

It is noteworthy that the majority (74%) of negative results happened in these two situations 

(containership defined as general cargo and vice-versa).  
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Despite registering more calls, the implementation of this method in terminals associated with passenger 

transportation (numbers 12 to 18) achieve success rates close to 100%, with only one negative result 

at terminal number 14. The main reason for these almost perfect results is the undeniable nature of the 

cargo, since these ships will always carry passengers (Pax) or passengers and vehicles (Ro-Pax). For 

this case, in the port of Lisbon, there was only one Ro-Pax ferry registered, connecting Terminal 12 and 

Terminal 17 (6.5% of ferries’ calls). There was, however, the case of a cruise ship being defined as a 

ferry. 

To better understand the origin of these errors, an analysis was performed on the method’s success 

rate at each terminal, ensuring that the type of handled cargo was correctly assumed. Table 14 presents 

the results of this analysis, while Figure 14 shows the distribution of negative results per actual ship 

type, for each terminal. 

Table 14 – Effectiveness at each studied terminal of ship type determination by visited terminal  

Terminal # Total OK NOT OK OK (%) 

1 105 83 22 79% 

2 19 11 8 58% 

3 28 27 1 96% 

4 65 41 24 63% 

5 58 44 14 76% 

6 10 7 3 70% 

7 26 25 1 96% 

8 19 19 0 100% 

9 19 15 4 79% 

10 33 27 6 82% 

11 31 29 2 94% 

12 38 38 0 100% 

13 57 57 0 100% 

14 4 3 1 75% 

15 48 48 0 100% 

16 97 97 0 100% 

17 251 251 0 100% 

18 21 21 0 100% 

 

As Table 14 shows, every terminal presents success rates above 50%, meaning that wrongful 

assumption of handled cargo types is not an issue, since altering this parameter would cause ships 

whose types are now considered correctly defined to produce negative results, which would inevitably 
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originate success rates below 50%. This demonstrates that the assumed type of handled cargo in the 

terminal represents the majority of visiting ships. 

However, there are concerning cases of terminals with success rates above 50% but still considerably 

low, as it’s the case of terminals 2 and 4 with values of 58% and 63% respectively. 

 

Figure 14 - Negative results distribution per ship type at each terminal. 

Figure 14 shows a great number of negative results on terminal number 4, as expected, all from 

containerships. This could suggest a wrong definition of the cargo handled in this terminal, but, as it was 

just mentioned, that possibility was already analyzed and disregarded. Terminals 1 and 5 also register 

a suspiciously high amount of negative results, particularly associated with general cargo ships, with 

two appearances of a fishing vessel. It’s also noteworthy the sole negative result for passenger ships, 

in terminal 14. These cases will be scrutinized in the following sections, presenting solutions to eliminate 

these sources of error. 

4.1.2.1. Terminal 1 – Fishing vessel 

Terminal 1 is located near a harbor (used mostly by leisure vessels) and a shipyard. Being these 

locations where ships stop and circulate with very slow speed, they are likely to produce negative results.   

Figure 15 presents the relative positions just described.  
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Figure 15 - Relative position of Terminal 1 to small harbor and shipyard (image edited from Google Maps) 

 

Figure 16 - Fishing vessel mooring position – August 7th, 2008 (image edited from Google Maps) 

Figure 16 presents mooring positions of the fishing vessel within the studied area of the port of Lisbon 

By having an AIS signature defining it as a cargo ship (probably due to human-error during the 

apparatus’ installation, since there’s a specific category for fishing vessels), this ship was targeted by 

SEA, to determine its ship type based on the visited terminal. 

Analyzing Figures 15 and 16, it is possible to observe that the mooring position of the fishing vessel is 

located in the harbor, as it would be expected. The closest identified terminal is Terminal 1, which 

prompts SEA to erroneously define this vessel as a containership. 

It can then be concluded that the main causes of this negative result were human-error on the 

configuration of the AIS system onboard, supported by the proximity of an unidentified mooring area. 

It’s noteworthy that this last condition would be especially difficult to resolve for this particular case, since 
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the terminal’s geography resembles a peninsula, with vessels moored on both sides, meaning that, if 

the harbor was to be identified and considered as an additional terminal, it could generate negative 

results on containerships visiting Terminal 1, defining them as leisure vessels, which could have great 

impact, especially on a study on marine traffic emissions. So, this methodology gives preference to 

having a smaller ship defined as a bigger one that the other way around, favoring pessimistic results on 

estimated emissions. 

4.1.2.2.  Terminal 1 – Shipyard 

As AIS’ ship type misidentification is not the only origin of negative results, Figure 17 presents the 

berthing positions of a general cargo ship at the shipyard near Terminal 1 on the 14th of July 2008. 

 

Figure 17 – General cargo ship docked in a shipyard – July 14th, 2008 (image edited from Google Maps) 

This case illustrates a situation that is scarcely mentioned in ship emission studies. Defining navigation 

modes according to ship speed, does not differentiate when the vessel is involved in cargo handling 

maneuvers (with generators working) and when it is stopped in a shipyard’s pier, with the power 

production systems offline (electronics, including the AIS apparatus, using shore power). The only 

possible information emitted by AIS in this respect is the navigational status, which is unreliable as it is 

manually inputted. Ships often turn off these electronic systems while in a shipyard, under repair, 

however, as Figure 17 demonstrates, there are exceptions to this. 

Returning to the problem of ship type definition, it can be concluded that this is a very particular situation, 

with a general cargo ship being identified as a containership due to being docked in a shipyard located 

in the proximity of a terminal dedicated to the handling of containerized cargo.  



  

45 

One possible solution for this case would be the geographic identification of the shipyard area, 

disregarding any moorings within that location. However, in this situation, data points associated with 

maneuvering ships leaving or arriving at Terminal 1 could ended up being ignored, especially with 

speeds close to 1 knot. 

4.1.2.3.  Terminal 14 – Terminal’s evolution 

Another particular case of a negative result is the sole misidentified passenger ship in Terminal 14, a 

cruise identified by this method as a ferry. Figure 18 presents this misidentified cruise ship berthing 

positions in the 6th of August 2008. 

 

Figure 18 - Berthing position of misidentified cruise on August 6th, 2008 (image edited from Google Maps). 

It is important to mention that the position of port of Lisbon’s cruise terminal was officially changed in 

November 10th, 2017 with the inauguration of a new terminal in Santa Apolónia, replacing its Alcântara’s 

counterpart. Since the AIS data used in this case study was registered in 2008, the cruise terminal 

identified was Alcântara’s, here presented as Terminal 18.  

As Figure 18 shows, there is a considerable distance between Terminal 18, dedicated to cruise ships, 

and the berthing positions of this vessel, with the closest terminal to receive passengers being Terminal 

14, therefore, categorizing it as a ferry, according to this terminal’s operation. In fact, the berthing 

positions here observed overlap at the location of the new terminal, in Santa Apolónia. This was due to 

the fact of that location being used as an alternative to Terminal 18 to berth cruise ships, even before 

its inauguration in 2017.  
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However, the new terminal’s location was not considered for this study, since it only registered this single 

call in a span of a month. It is noteworthy that another call of the same ship was observed earlier that 

year, on July 22nd, this first one at Terminal 18. 

It can be concluded that this negative result was motivated by the existence of an alternative terminal, 

distant from the identified Terminal 18, that at the time was occasionally used, despite its lack of a proper 

infrastructure. This situation might have been resolved by identifying the berthing position as a terminal, 

however, since it was not considered by port of Lisbon as a terminal in 2008, this option was disregarded. 

4.1.2.4.  Multipurpose – a global issue 

This section addresses the issue of assigning single types of cargo to a multipurpose terminal, projecting 

then the problem to cargo ships. 

As it was mentioned in the introduction of chapter 4.1, this method assumes that there is only one type 

of ship visiting a certain terminal. However, that’s a rough assumption, as some of the terminals are 

even defined as “multipurpose”, being able to handle different types of cargo. Figure 19 demonstrates 

a situation where both a bulk carrier and a containership are visiting Terminal 1, defined here, and by 

the port of Lisbon, as a container’s terminal.  

 

Figure 19 - Different types of ship visiting Terminal 1. (image edited from Google Maps) 

This situation would suggest Terminal 1 would be defined as a multipurpose terminal, however, as it is 

described by the port of Lisbon, no mention is made of such characteristic, obliviating the sporadic 

loading of bulk cargo, as illustrated by Figure 19. 

In this thesis similar situations were observed, as Figures 20 and 21 illustrate the registered berthing 

positions of a container ship and general cargo ship visiting Terminal 1, respectively. 
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Figure 20 -Berthing position of containership at Terminal 1, August 1st, 2008 (image edited from Google 

Maps) 

 

Figure 21 - Berthing position of the general cargo ship at Terminal 1 on July 18th, 2008 (image edited from 

Google Maps) 
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Additionally, the same general cargo ship from Figure 21 was registered visiting Terminal 7 (general 

cargo terminal), as illustrated by Figure 22.  

 

Figure 22 - Berthing position of the general cargo ship at Terminal 7 on July 22nd, 2008 (image edited from 

Google Maps) 

Four days after visiting a container’s terminal (Terminal 1), this ship called at a general cargo terminal 

(Terminal 7). 

It can be concluded that there are ships of different types visiting the same terminals (multipurpose or 

not) and ships visiting terminals associated with different cargo types. This represents a major source 

of negative results in the method’s implementation, with special impact in terminals number 1, 2, 4 and 

5, as it was demonstrated in Figure 14. 

4.1.2.5. Individual approach 

Based in the analysis performed and presented in the previous sections for ships calling the port of 

Lisbon each day of the study duration, an additional analysis was performed on an individual basis, 

counting negative and positive results for each ship and assuming that the ship’s type is well identified 

by this method if the number of positive results surpasses the negative ones (an equal number of positive 

and negative results represents a wrongful identified ship).  

Results from this analysis are presented in Table 15, per actual type of ship, as identified by Maritime 

Traffic. 
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Table 15 - Analysis on individual approach's results (“OK” state accounts for well identified ships). 

Ship Type Total OK OK (%) 

Ferry 27 27 100 

Cruise 17 16 94.1 

Bulk 10 7 70 

Container 69 58 84.1 

General Cargo 58 41 70.7 

Fishing 1 0 0 

Pax 44 43 97.7 

Cargo 139 107 77 

Total 183 149 81.4 

 

As expected, the results for passenger vessels is nearly perfect (97.7%), with a single ship being 

misidentified (whose situation was addressed in section 4.1.3.3). 

For cargo ships, however, the success rate tends to decrease, with bulk and general cargo ships 

registering values below 75%. This is greatly motivated by the existence of multipurpose terminals and 

ships that visit terminals of different types, as explained in the previous section. 

4.1.3. Conclusions 

The implementation of a method to determine the type of ship based on the visited terminal requires, 

not only AIS data on the ships’ operation (static and dynamic), but also accurate information on the 

terminals’ positions and types of cargo handled.  

When applying this method to port of Lisbon’s marine traffic, between July 9th and August 9th of 2008, it 

identified correctly 90.7% of calling ships’ types, originally identified by AIS as “Passenger”, “High Speed 

Craft” or “Cargo”.  

While passenger ships contribute greatly to this high success rate, with 99.8% of correct results (only 1 

case in 516 ship calls), cargo ships still present a satisfactory result of 79.4% effectiveness on ship calls. 

It was observed that most negative results were motivated by the existence of terminals that, despite 

not being identified as such, act as multipurpose terminals. In the current lines of the method, this is an 

unsolvable situation. 
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Some particular situations motivating negative results were identified: 

 The presence of a shipyard in the studied area, near a Terminal – ships docked in the shipyard 

with AIS apparatus online will send data as if they were loading or unloading at a terminal. 

  The misidentification of ships in AIS – most of AIS static information, like the ship’s name, 

MMSI and IMO numbers, is defined at the apparatus installation. The fact that it is automatically 

emitted does not exclude the human error when programming the device. 

 The dynamic evolution of terminals in relation to the age of the available data – ports try to 

present their information as up-to-date as possible, obliviating older information. A significative 

time difference between the emission of data and the definition of the terminals prompts the 

production of negative results. 

When evaluating the results per ship, it was observed that 97.7% of passenger vessels were correctly 

identified, while the correspondent percentage for cargo ships was 77%, resulting in an 81.4% success 

rate on the identification of ship types based on the visited terminal, using AIS data, which is an 

acceptable value, to consent, at least for port traffic, its incorporation on the methodology proposed by 

this thesis.  
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5. CASE STUDIES 

As described in the previous chapters, it is possible to obtain estimates of ship emissions from AIS’ data, 

however, the results need to be filtered, since AIS messages frequently have erroneous information, 

like unrealistic values of ship speed (above 100 knots). The results are filtered in an attempt of reducing 

the impact of errors caused by misguiding data from AIS. If an erroneous value is detected, the entire 

AIS message is disregarded. This thesis assumes as erroneous data: speed values above 55 knots and 

locations where, based on its previously known position, the vessel cannot be without travelling above 

the mentioned speed limit. 

To demonstrate the application of this methodology, a tool was implemented and used to analyze three 

different case studies. This tool, SEA (Ship Emissions Assessment), was designed in MATLAB and 

reads files containing up to 25 million AIS sentences (maximum size tested). The first case study refers 

to the maritime traffic of passenger ships at the port of Lisbon, comparing emissions of a ferry connecting 

the North and South banks of the Tagus river (Cais do Sodré to Barreiro) with a cruise ship calling at 

port of Lisbon’s Alcântara terminal and assessing the credibility of this methodology by applying data 

from this study to another methodology, Trozzi (2010) and implementing the methodology proposed by 

this thesis in the modelled data from a third study, Jiang, et al. (2010). The second one addresses ship 

emissions for ships navigating in the port of Lisbon, presenting its results through a geographical 

distribution of emissions.  The third and final case study demonstrates the application of the proposed 

methodology to the coastal maritime traffic, showing the emissions of a single ship throughout its voyage 

along the Portuguese western coast. 

Resulting values of instantaneous emissions are used to estimate: 

1. Total emissions 

2. Voyage emissions 

3. Grid emissions distribution 

A cumulative value of the emissions is useful for certain interpretations. In this thesis, that is obtained 

by integrating the values estimated for the instantaneous emissions at every AIS message timestamp. 

Thus, this integration is done in time, for the entire duration of the ship’s operation within the study 

domain. The process chosen for this numerical integration is the trapeze method, due to its simplicity 

and flexibility regarding the number of points being integrated. 

When evaluating the emissions of a single ship or comparing the emission rates at different stages of 

operation, it is useful to observe the instantaneous values. Using averaged values of emissions for large 

periods of sampled time may conceal relevant operating states, compromising the results. In an attempt 

to prevent this situation, this thesis uses the original values only applying the filters on ship speed as 

mentioned in the beginning of this section. 

To identify regions with higher or lower ship emissions, a geographical grid is established, presenting 

the summation of the instantaneous emissions of every ship while crossing a defined area at a certain 

time interval. Each section of this grid is dimensioned with 0.222 by 0.174 km. In the following sections 

the four cases are going to be scrutinized. 
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5.1. Cruise vs Ferry emissions at the port of Lisbon 

Being Portugal’s capital, the influx of people arriving from Lisbon’s suburbs everyday requires an 

appropriate structure of public transportations. With road connections to river Tagus’ south bank being 

only established by two bridges (one with railed connection as well), the service provided by ferries is 

essential, with departures every 15-20 minutes, at peak hours, depending on the route. Another type of 

passenger vessel circulating in the port of Lisbon are cruise ships. Lisbon’s cruise terminal in Alcântara 

received 21 calls from 17 different cruise ships, between July 9th and August 9th, 2008. This case study 

will assess the difference in the emissions of a cruise ship, from the moment it enters the port to the 

moment it leaves, against the ones from a smaller but more active ferry, obtained with the presented 

methodology applied to two known vessels. 

5.1.1. Ship Characteristics 

As it was described in section 4, this methodology requires technical knowledge of the ship’s machinery 

to be implemented.  

While this type of information is not so readily available, it was essential to select for this study two ships 

whose technical information was not only available, but also came from a reliable source. For this 

reason, the ships selected for this case study have their data available, provided by Bureau Veritas 

Register. Table 16 presents the technical characteristics of the selected ships. 

Table 16 – Ships’ technical characteristics 

 Cruise Ship – Ship A Ferry – Ship B 

LOA (m) 261.0 46.0 

Beam (m) 32.3 12.0 

Propulsion Diesel - Electric Diesel - Mechanic 

Propulsion Power (kW) 28000 4640 

Main Engine’s Type - HSD 

Main Engine’s Fuel - MGO 

Total Generator Power (kW) 46080 168 

Generator’s Type MSD HSD 

Generator’s Fuel MDO MGO 

Maximum Speed (knots) 22.4 30.0 

 

The difference between the installed power in the cruise ship and in the ferry is noteworthy, with the 

installed power of the ferry (Ship B) about 10% to that of the cruise ship (Ship A). 
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As for the types of motor, the high-speed diesel engines of the ferry (main engine and generator) are 

associated with slightly smaller emission factors than those of the cruise ship’s medium-speed diesel 

engines. 

5.1.2. Ship Operation 

The study period corresponds to the duration of the cruise ship’s stay in the port of Lisbon. This 

happened on the 5th of August, from 5:08 AM to 1:49 PM, lasting for 8.7 hours. During this time Ship A 

is expected to be most of the time moored while Ship B should be sailing, navigating its daily routes 

between the North and South banks of river Tagus.  

Table 17 describes the operational profiles of these ships, presenting the time spent on each navigation 

mode by each of them. 

Figures 24 and 25 show the ships’ positions, for the duration of Ship A stay in port, illustrating the paths 

used by Ship A to enter and exit the port, as well as Ship B’s liner route. 

Table 17 - Time spent in each navigation mode, per ship. Values in minutes. 

 Cruise (Ship A) Ferry (Ship B) 

Moored 437 218 

Maneuvering 17 25 

Cruising 69 281 

Total 523 523 

 

 

 

Figure 24 – Cruise ship’s trajectories in the port 

of Lisbon. The color gradient, Red to Yellow, 

represents the passage of time. 

Figure 23 - Ferry's trajectories throughout the 

cruise ship’s stay in Lisbon. The color gradient, 

Red to Yellow, represents the passage of time.
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According to data presented in Table 17, the cruise ship spent most time moored, while the ferry was 

cruising most of the time. This is consistent with the overlapping of the ferry positions in Figure 23, while 

the cruise ship positions overlap essentially at its berthing position. 

The calculation of emission estimates associated with the presented operational profiles was performed 

by the implemented tool, SEA, as described in the proposed methodology. However, an additional detail 

was needed in order to satisfy the intended duration of the study: Ship B positions were disregarded if 

reported before or after the period of Ship A visit to the port. 

Table 18 – Main engine’s average and auxiliary engine’s load factors per mode of navigation for both ships. 

 Cruise (Ship A) Ferry (Ship B) 

 AE Load 

Factor 

ME Load Factor 

(Average) 
AE Load Factor ME Load Factor 

(Average) 

Moored 60 0 40 0 

Maneuvering 75 3 50 2 

Cruising 30 32 30 41 

 

As Table 18 shows, auxiliary engine’s load factors applied for each navigation mode were those 

presented in Tables 6 and 7 for the ferry and cruise ship, respectively. Main engine’s load factors depend 

on the ship’s speed, with the cruise ship averaging 14 knots against the ferry’s 22 knots in cruising 

mode. It is noteworthy the designation of this cruise vessel’s power production system as Diesel-Electric, 

with the propulsive power being treated similarly to the installed power of a Diesel-Mechanic’s main 

engine. 

5.1.3. Results 

The total mass of emissions of the two ships, calculated by the tool SEA, are presented in Table 19. 

Table 19 - Cumulative emission estimates for a cruise ship and a ferry.  

 Cruise Ferry Cruise / Ferry 

NOX (t) 0.936 0.054 17.33 

SO2 (t) 0.297 0.020 14.85 

CO2 (t) 47.978 3.042 15.77 

HC (t) 0.033 0.0019 17.37 

PM (t) 0.021 0.0014 15 
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The total emission values were obtained by numeric integration, with the trapezoidal rule, of the 

instantaneous ship emission estimates. 

According to Table 19, ferry emission estimates are about 14.85 to 17.37 times lower than those of the 

cruise ship. This would be expected due to the discrepancy of installed power. 

However, these results suggest that considering an identical value of estimated emissions for all of the 

ferries navigating in river Tagus’ estuary (about 13 to 17 vessels), the fleet’s total emissions would be 

equivalent to those of a single cruise ship. 

Even though the ferry is constantly circulating while the cruise ship is moored, the second one registers 

a much higher mass of emissions, in fact, assessing the instantaneous emissions of NOX, the maximum 

registered value for the ferry in cruising mode was 67.5 g per second whereas for a moored cruise ship, 

this value was merely 28 g per second. 

However, when moored, the ferry only emits 0.2 g of NOX per second, which, since the ferry was moored 

for 42% of the study’s duration, has great influence in the ratio of 17.33 between the two vessels’ NOX 

total emissions. 

5.1.4. Results validation 

5.1.4.1. Comparison with Trozzi (2010) 

To validate these results, a comparison was made using values of emitted NOX, PM and HC, obtained 

through the application of an empirical method developed by Trozzi (2010) to the same operational and 

technical data.  

Table 20 presents the outputs of each methodology, illustrating this comparison. 

Table 20 - SEA results vs Trozzi (2010) for cruise and ferry at the port of Lisbon. 

 Cruise Ferry 

 
Ship A 

Trozzi 

(2010) 

Relative 

Difference 
Ship B 

Trozzi 

(2010) 

Relative 

Difference 

NOX (t) 0.936 0.845 +11% 0.054 0.055 -2% 

HC (t) 0.033 0.035 -7% 0.0019 0.0018 +6% 

PM (t) 0.021 0.023 -9% 0.0014 0.0016 -11% 

 

It can be seen that, not only are the orders of magnitude identical, but the values of relative difference 

are also low, demonstrating the similarity between the results from the proposed methodology and a 

recognized literature such as Trozzi (2010). 
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5.1.4.2. Comparison with Jiang, et al. (2010) 

Additionally, to better validate the proposed methodology and its results, a comparison was made with 

Jiang, et al. (2010), who presents emission estimates for the round voyage of a container ship. Table 

21 and 22 show the characteristics of both voyage and ship model, used in this work. 

Ship’s technical information was assumed based values from the database used in this thesis. 

Table 21 - Model for Ship C 

 Ship C – Container Ship Source of Information 

Capacity (TEU) 5000 Jiang, et al. (2010) 

Propulsion Power (kW) 47000 Database 

Main Engine’s Type SSD Database 

Main Engine’s Fuel RO Database 

Total Generator Power (kW) 8000 Database 

Generator’s Type MSD Database 

Generator’s Fuel MDO Database 

Cruising Speed (knots) 24.9 Jiang, et al. (2010) 

Maximum Speed (knots) 29 Database 

 

Table 22 - Ship C's voyage model 

 Ship C – Container Ship Source of Information 

Maneuvering Time (h) 2.5 Jiang, et al. (2010) 

Ner of maneuvers 4 Jiang, et al. (2010) 

Berthing Time (h) 12 Jiang, et al. (2010) 

Ner of calls 2 Jiang, et al. (2010) 

Free sailing distance (nm) 1000 Jiang, et al. (2010) 

Free sailing Time (h) 40.16 Jiang, et al. (2010) 

 

Table 23 presents the comparison between the total emission values of Jiang, et al. (2010) and those 

obtained when implementing the methodology proposed by this thesis to these models, using SEA. 
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Table 23 - Comparison between emission estimates of SEA and Jiang et al. (2010) for Ship C. 

 
SEA 

Jiang, et al. 

(2010) 

Relative 

Difference 

NOX (kg) 25307 27782 -8% 

SO2 (kg) 15178 17782 -14% 

CO2 (kg) 929890 944630 -1% 

 

As it was observed in the comparison made with Trozzi (2010), the results have the same order of 

magnitude, with a low relative difference (below 15%). This gives the proposed methodology and its 

results more credibility. 

5.1.5. Conclusions 

Despite both ship types being dedicated to the transport of passengers, there is a significative difference 

in the operation profiles of a cruise ship and a ferry inside a port. The ferry spends most of the time 

navigating his everyday-route while the cruise ship is moored for the majority of the call’s duration. 

For the cruise ship, total emissions of NOX, SO2, CO2, HC and PM are estimated as 0.936 tons, 0.297 

tons, 47.978 tons, 0.033 tons and 0.021 tons, respectively. 

For the ferry, total emissions of NOX, SO2, CO2, HC and PM, are estimated as 54 kg, 20 kg, 3042 kg, 

1.9 kg and 1.4 kg, respectively, representing a mass of emissions 14.85 to 17.37 times lower than those 

of the cruise ship. 

Despite demonstrating a more active operation profile than the cruise ship (with a difference of 220 

minutes in time spent navigating), with emissions nearly 3 times higher than the moored Ship A, the 

ferry spent 42% of the duration of the study moored, emitting almost 350 times less than the cruise ship 

in the same navigation mode. This was identified as a major cause for the discrepancy observed in the 

results of total emissions estimations. 

In order to assess the credibility of the results obtained and conclusions drawn, two analyses were 

developed, applying data from this study to another methodology and implementing the methodology 

proposed by this thesis in the modelled data from a third study, comparing the results obtained in both 

situations. 

Due to the low relative differences observed (lower than 15%) as well as the same order of magnitude 

of the results obtained, the proposed methodology’s credibility was attested, enabling its implementation 

to more ample and general cases. 
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5.2. Distribution of emissions at the port of Lisbon 

As demonstrated by the number of ship calls portraited in the previous section, the port of Lisbon has 

considerable maritime traffic, with an average of 7.9 ship calls per day (estimated based on the available 

AIS data, for the period between July 9th and August 9th, 2008), and is used in by the river Tagus’ ferries. 

Being spread along Tagus river mouth, as well as both of its shores, it is of the outmost interest to assess 

the distribution of ship emissions at this geographical domain, providing information on the most affected 

regions. 

That is precisely the objective of this case study, which estimates the ship emissions using methodology 

proposed in this thesis, implemented by the tool SEA, and presented as a grid distribution with each cell 

representing an area of 222 meters (North-South) by 174 (East-West) meters. 

The following sections will characterize the fleet under study and subsequently present emission results. 

5.2.1. Fleet 

Table 24 presents averages of main technical characteristics for ship types in the port of Lisbon, with a 

representation of 1% or higher in the fleet observed in the AIS data. Although military vessels 

represented 1.42% of the identified fleet, these ships were not addressed due to the absence and/or 

confidentiality of technical information and their particular operational characteristics. Also, since every 

ship detected whose ship type was defined by AIS as “High Speed Craft” turned out to be in fact fast 

ferries, these were added to the category “Ferry”. Ship types “Towing”, “Pilot Vessel” and “Port Tender” 

are grouped under the category of “Port Ops” (diminutive for “port operations”). 

Table 24 – Fleet characterization 

 Fleet (%) ME Power (kW) AE Power (kW) Length (m) Beam (m) 

Ferry 30.79 2423 60.7 41.77 10.37 

Cruise 1.14 22831 23492 226 28.83 

Tanker 7.70 4567 1404 125.15 19.3 

Bulk 7.39 6863 1214 160.94 22.7 

General Cargo 16.58 3504 619 105 17.89 

Container 17.46 10843 2389 152.97 26.9 

Port Ops 11.36 526 0 14.54 4.79 

The percentage of the studied fleet associated with each ship type was obtained considering one call 

per ship per day.  
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Cruise ships are definitively some of the biggest ships entering the port of Lisbon, however, their 

emissions are expected to have a low influence over the total results due to the lower representation 

over the global fleet (1.14%). 

5.2.2. Results  

The proposed tool, SEA, was applied to the fleet described in the previous section, estimating the 

emissions of every ship extracted from the AIS data at the port of Lisbon, for the duration of the study 

and producing a grid distribution over the studied area. 

It was anticipated the existence of areas with low emissions, close to zero, associated with a sporadic 

position of a single ship. When plotted together with zones with higher density of traffic, such as 

terminals, a large discrepancy on the mass of emissions would compromise the interpretation of results. 

For this reason, the results were plotted as a ratio between the decimal logarithms of the sum of 

instantaneous emissions of a certain grid cell and the maximum value registered for all the grid cells’ 

sums of instantaneous emissions. This relation is defined as a parameter, r, given by in Equations 10 

and 11. 

𝑟 =
log (𝑠𝑢𝑚(𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑖𝑛 𝐶𝑒𝑙𝑙))

log (max(𝑠𝑢𝑚(𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑖𝑛 𝐶𝑒𝑙𝑙𝑠)))
 

𝐺𝑟𝑖𝑑 𝐶𝑒𝑙𝑙 𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =  max (𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑜𝑓 𝐸𝑣𝑒𝑟𝑦 𝐺𝑟𝑖𝑑 𝐶𝑒𝑙𝑙)  

Figures 25 to 29 demonstrate these results. 

 

Figure 25 – Grid distribution of NOX emissions, in the port of Lisbon, given by the parameter r (equations 

10 and 11). 

(10) 

(11) 
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Figure 26 – Grid distribution of SO2 emissions, in the port of Lisbon, given by the parameter r (equations 

10 and 11). 

 

Figure 27 – Grid distribution of CO2 emissions, in the port of Lisbon given by the parameter r (equations 10 

and 11). 
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Figure 28 – Grid distribution of HC emissions, in the port of Lisbon, given by the parameter r (equations 10 

and 11). 

 

Figure 29 – Grid distribution of PM emissions, in the port of Lisbon, given by the parameter r (equations 10 

and 11). 

In all five Figures, 25 to 29, is possible to observe the main route used by ships entering or exiting the 

port of Lisbon as a darker flow connecting the bottom left of the figure (port’s entrance) to the terminals 
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located in Lisbon’s eastern shore. Terminals associated with a higher density of traffic are also possible 

to identify, as well as the secondary routes leading to them. 

It is noteworthy that a darker distribution doesn’t necessarily imply a higher mass of emissions, since 

the plotted colors represent a relative quantification in relation to the maximum registered sum of 

instantaneous ship emissions per grid cell.  

Table 25 presents the maximum sum of instantaneous emissions within a grid cell, per type of exhaust 

product, in grams per second. 

Table 25 - Maximum values of summed instantaneous emissions per cell, per exhaust product. 

 Maximum Instantaneous Emissions (g/s) 

NOX 115 

SO2 55 

CO2 5645 

HC 4.8 

PM 4.1 

 

With these values, it is possible to estimate the mass of emissions for a single grid cell and therefore for 

the whole port region.  

Having estimates of instantaneous emissions of every ship that visited the port of Lisbon between July 

9th and August 9th, 2008, an inventory was developed integrating instantaneous emissions along the 

duration of the study. The resulting estimates of total mass of emissions per substance are shown in 

Table 26. 

Table 26 - Total emission estimates for the port of Lisbon, between July 9th and August 9th, 2008. 

 Total Emissions (t) % of Total Emissions 

NOX 149.4 1.82 

SO2 36.9 0.45 

CO2 7999.2 97.62 

HC 4.6 0.06 

PM 4.0 0.05 
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Carbon dioxide represented 97.6% of the total emissions registered, with 7999 tons. The second most 

emitted substances were the oxides of nitrogen, with 149.4 tons, followed by the sulphur dioxide that 

registered 36.9 tons of emissions. Hydrocarbons and particle matters were the scarcest substances 

emitted, with masses of 4.6 tons and 4 tons, respectively. 

Comparing the results from Table 26 with the emission factors used, the mass of SO2 emitted was 

slightly lower than it was expected.  

The most common combinations of engine and fuel types are slow speed diesel with residual oil and 

medium speed diesel with marine diesel oil. These combinations have NOX emission factors of 1.7 and 

3.2 times higher than those of SO2, respectively, in navigation mode. These values change to 1.25 and 

2.35 times in maneuvering mode. 

In Table 26, the ratio between NOX and SO2 total emissions is 4, suggesting a significant weight in these 

results of vessels operating with fuels of low-sulphur content. 

This situation motivated an additional analysis, where the resulting values of total emissions were 

divided per ship type, as Table 27 shows, presenting also the weight of each ship type in the emissions’ 

aggregate. 

Table 27 – Ship emissions estimates per ship type at the port of Lisbon, between July 9th and August 9th, 

2008. 

 NOX SO2 CO2 HC PM 

 (t) % (t) % (t) % (t) % (t) % 

Ferry 58.70 40% 6.80 19% 3180.1 40% 1.40 31% 1.50 38% 

Cruise 22.40 15% 7.10 20% 1123.9 14% 0.70 15% 0.50 13% 

Tanker 4.10 3% 1.40 4% 231.9 3% 0.15 3% 0.13 3% 

Bulk 16.67 11% 4.86 14% 964.3 12% 0.61 13% 0.53 13% 

General 

Cargo 
5.65 4% 1.87 5% 283.2 4% 0.18 4% 0.14 4% 

Container 37.90 26% 13.50 38% 2006.1 25% 1.40 31% 1.10 28% 

Port Ops 1.29 1% 0.11 0.3% 67.7 1% 0.06 1% 0.03 1% 

Others 1.41 1% 0.12 0.3% 74.4 1% 0.06 1% 0.04 1% 
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Table 27 shows that, ferries are the biggest contributors to maritime transportation’s emissions of NOX, 

CO2, PM and HC (tied with container ships), emitting for each respective exhaust product 52 tons, 3180 

tons, 1.5 tons and 1.4 tons for the period of 32 days at the port of Lisbon. 

As for SO2 emissions, the ferries fall behind on the ranking, led by container ships with 13.5 tons emitted 

against the ferries’ 6.8 tons. For the remaining substances, container ships emitted a total of 37.9 tons, 

2006 tons, 1.4 tons and 1.1 tons, of NOX, CO2, HC and PM respectively, only being surpassed by the 

ferries’ emissions. 

These observations are coherent with the situation observed in Table 27, with the high impact of ferries 

in the total emissions contributing to increase the ratio between NOX and SO2 emissions, because the 

majority of these vessels are equipped with high speed diesel engines consuming marine gas oil, with 

a sulphur content of 0.5% (against the marine diesel oil and residual oil that, according to Entec (2002), 

have respective sulphur percentages of 1% and 2.7%).  

Also, the low level of sulphur is associated to the assumption that auxiliary engines do not work on 

residual oil in port, complying with Community Directive 2005/33/EC enforced by the port authority of 

the port of Lisbon, that demands the utilization of fuels with a sulphur content lower than 1.5%. This 

regulation has entered in force in August of 2006, controlling with inspections both the fuel being used 

in the vessels and the fuel supplied by the oil companies. 

5.2.3. Conclusions 

Ferries were the vessels more often observed, representing 30.59% of the total number of ships, 

followed by container ships and general cargo ships, with respective representations of 17.46% and 

16.58%. 

Through the observation of a geographical distribution of ship emissions, one can conclude that ship 

emissions’ levels tend to be higher near ports’ terminals but are also notably high in areas describing 

routes, which connect to the entrance of the port, as illustrated in Figures 25 to 29 by the darker grid 

cells. 

As the port region was divided in cells of 222 by 174 meters (38 628 m2), 1923 cells registered emissions 

at least once for the duration of the study. So, the values of emissions obtained were divided amongst 

an area of 74.28 km2, with highest concentrations of instantaneous emissions per cell of 115 g, 55 g, 

5645 g, 4.8 g, 4.1 g of NOX, SO2, CO2, HC and PM, respectively. 

As for the estimates of the total emissions, the exhaust product with higher values was the carbon 

dioxide, with 7999 tons, 53.5 times higher than the emitted mass of nitrogen oxides, the second higher, 

with 149.4 tons. The emissions of sulphur dioxide reached 36.9 tons, a low value that motivated a deeper 

analysis on emissions per ship type. 

It was concluded that the low value of SO2 emissions was a consequence of the predominance of ferries 

over the global emissions, since the majority of these vessels are equipped with high speed diesel 

engines fueled with marine gas oil that has sulphur content of 0.5%. 
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Additionally, the low value of SO2 emissions is also associated with the enforcement from the port of 

Lisbon of the Community Directive 2005/33/EC that regulates the sulphur content of the fueled used by 

ships as well as the fuel supplied by oil companies, prohibiting the utilization of fuels with sulphur 

concentrations above 1.5%. 

5.3. Ship cruising along the Portuguese coast 

Given its outer location, as the western bound of continental Europe, the Portuguese coast is crossed 

by very important routes of maritime transportation. While this may bring economic benefits, high 

densities of ship traffic represent high density of ship emissions, that will therefore aggravate the local 

air quality and, consequently, impact negatively the population’s health. 

This case study addresses the emissions of a container ship, Ship D, whose technical characteristics 

are known, navigating along the Portuguese coast, first heading North and 8 days later heading South, 

not calling at any Portuguese port for the duration of the study. 

5.3.1. Ship Characteristics 

In order to estimate the emissions for this case study, SEA requires technical data on the container 

ship’s machinery. This information is shown in Table 28. 

Table 28 - Ship D technical characteristics. 

 Container Ship – Ship D 

LOA (m) 261 

Beam (m) 32.3 

Maine Engine’s Power (kW) 24300 

Main Engine’s Type SSD 

Main Engine’s Fuel RO 

Total Generator Power (kW) 3990 

Generator’s Type MSD 

Generator’s Fuel MDO 

Maximum Speed (knots) 22 

 

As this case study is particular to a certain ship, the vessel was selected from the database, ensuring 

the technical information’s accuracy.  

5.3.2. Ship Operation 

Figure 30 illustrates Ship D’s routes, showing the variations of speed throughout the voyage. 



  

66 

 

Figure 30 – Ship D speed variations. Black arrows indicate the voyage leg’s headings. Values in knots. 

The vessel is firstly detected by AIS during its route heading North. In this leg of the voyage, its journey 

along the Portuguese coast lasted 17.6 hours, registering an average speed of 18.3 knots, which would 

represent a distance travelled of 322 nm. In Figure 30, this route is illustrated by the segment closer to 

the coast. 

Eight days later, Ship D initiated a second crossing of the Portuguese coast, this time heading South, 

for 19.1 hours, averaging 18.5 knots through a 354 nm course. In Figure 30, this route is illustrated by 

the segment farthest from the coast. 

Due to the fact that this vessel does not approach any port, it only operates in cruising mode, registering 

however some speed changes, especially accelerations when leaving denser traffic zones such as 

Northwest and Southwest edges of the Iberian Peninsula. In the same way, when approaching these 

areas, a deceleration should be noticeable, but none is observed. 

5.3.3. Results 

Using the implementation tool, SEA, emissions were estimated for the voyages of Ship D Northwards 

and Southwards the Portuguese coast. The types of exhausted gases assessed in this study were SO2, 

CO2, HC, NOX and PM. 

Figures 31 to 35 show the distribution of instantaneous emission values calculated by SEA for the 

studied sections of Ship D’s voyage. 
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Figure 31 - NOX instantaneous emissions for Ship D's voyage. Values in grams per second. 

 

Figure 32 - SO2 instantaneous emissions for Ship D's voyage. Values in grams per second. 
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Figure 33 - CO2 instantaneous emissions for Ship D's voyage. Values in grams per second. 

 

Figure 34 - HC instantaneous emissions for Ship D's voyage. Values in grams per second. 
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Figure 35 - PM instantaneous emissions for Ship D's voyage. Values in grams per second. 

Observing Figures 31 to 35 it is noticeable an identical distribution of the color gradient associated with 

the variation of emissions for all the exhausted substances, also similar to the one observed in the plot 

of ship’s speed variation in Figure 30. This is a consequence of the operation proceeding exclusively 

under cruising mode. 

Recalling the proposed methodology’s base expression for emission estimates (Equation 4), for a single 

ship operating in cruising mode, the auxiliary engine’s operation remains constant and both the main 

engine’s installed power and emission factors also remain unaltered, with the only variating parameter 

being the main engine’s load factor, depending on the ship’s speed. 

Since the ship, in this particular situation, does not operate with main engine loads lower than 20%, it 

remains above the threshold for low-load adjustments, causing the proportionality between engine load 

and emissions to remain direct (an increase in the main engine’s load generates an increase in the 

emitted mass of exhausted substances). Equations 12 to 14 show a development of equation 4 for this 

particular situation. 

𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 [𝑔] = 𝐴 × 𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑆𝑝𝑒𝑒𝑑 + 𝐵 

𝐴 [𝑔. 𝑠 /𝑚 ] =
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟  × 𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑃𝑜𝑤𝑒𝑟  

3600 ×  𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑆𝑝𝑒𝑒𝑑
 

𝐵 [𝑔] =
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 .  × 𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 .  × 𝐿𝑜𝑎𝑑 𝐹𝑎𝑐𝑡𝑜𝑟 .  

3600
 

Values of A and B are shown in Table 29, for each exhaust product. 

(12) 

(13) 

(14) 
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Since these are constant, instantaneous emissions have a linear relation with the cube of the 

instantaneous speed, with coefficient A representing the gradient of the that relation while coefficient B 

represents the instantaneous emissions of the auxiliary engines. This relation is plotted in Figure 36 for 

the different exhausted substances. 

Table 29 - Values of the coefficients A and B for each exhaust product. 

 A (g.s3/m3) B (g) 

NOX 0.011474 4.62175 

SO2 0.006656 1.42975 

CO2 0.393032 229.425 

HC 0.00038 0.133 

PM 0.00019 0.09975 

 

 

Figure 36 - Linear relation between instantaneous emissions and cube of instantaneous speed for Ship D's 

cruising mode. 
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The values of instantaneous emissions shown in Figure 36 are coherent with those observed in Figures 

31 to 35. Using the trapezoidal rule for numeric integration, the total emissions were estimated for each 

leg of Ship D’s voyage. These results are shown in Table 30. 

Table 30 - Total emissions for Ship D's voyage. 

 Emissions – Leg 1 (t) Emissions – Leg 2 (t) Total Emissions (t) 

NOX 4.767 5.325 10.09 

SO2 2.686 3.003 5.689 

CO2 167.8 187.3 355.1 

HC 0.157 0.175 0.332 

PM 0.204 0.228 0.432 

 

In Table 30 it is possible to observe that Ship D had more emissions in the second leg than the first. 

This was expected due to the difference in the averaged speed, duration and length of the route, with 

the second leg surpassing the first in all these parameters. 

In comparison with the results for port traffic obtained in the previous case studies, it is noteworthy the 

difference in the ratio of NOX to SO2 emissions, here being 1.7:1 when for container ships in port traffic 

it was 2.8:1. This difference is associated with the utilization of residual oil, with sulphur content of 2.7%, 

on the ship’s main engine while in cruising mode. 

5.3.4. Conclusions 

Coastal maritime traffic is characterized by ship routes, delimited by reference points in traffic separation 

schemes, improving the organization and safety of maritime transportation.  

On the particular case of the studied containership, two voyages were observed, separated by 8 days, 

without any knowledge of its loading conditions.  

In the first leg of the voyage, the ship was heading North. Its journey along the Portuguese coast lasted 

17.6 hours, registering an average speed of 18.3 knots, navigating 322 nm. 

Eight days after the first voyage, the ship initiated a second crossing of the Portuguese coast, this time 

heading South, for 19.1 hours, averaging 18.5 knots through a 354 nm course. 

For the first voyage, SEA estimated 4.767 tons, 2.686 tons, 167.8 tons, 0.157 tons and 0.204 tons, of 

NOX, SO2, CO2, HC and PM, respectively. The second voyage registered more emissions, as it was 

expected due to the its higher average speed, duration and bigger length. The values obtained were 

5.325 tons, 3.003 tons, 187.3 tons, 0.175 tons and 0.228 tons of NOX, SO2, CO2, HC and PM, 

respectively. 
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By only operating in cruising mode, without reducing the main engine’s load below 20%, emission 

estimates depend only on the ship speed, with a linear relation between the instantaneous emissions 

and the cube of the instantaneous ship speed. 
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6. CONCLUSIONS 

This thesis developed and proposed a methodology to estimate ship emissions based on data available 

in messages from the Automatic Identification System, with a computational tool being developed to 

implement the said methodology. This tool has been called SEA (Ship Emission Assessment). 

To overcome the lack of detail in AIS’ definition of ship type, necessary for emission estimations, an 

alternative method was developed, identifying the type of ship based on the visited terminal. The 

implementation of this method required, not only AIS data on the ships’ operation (static and dynamic), 

but also accurate information on the terminals’ positions and types of cargo handled.  When applied to 

port of Lisbon’s marine traffic, between July 9th and August 9th of 2008, it identified correctly 90.7% of 

calling ships’ types, originally identified by AIS as “Passenger”, “High Speed Craft” or “Cargo”. While 

passenger ships contribute greatly to this high success rate, with 99.8% of correct results (only 1 

incorrect case in 516 ship calls), cargo ships still present a satisfactory result of 79.4% effectiveness on 

ship calls. It was observed that most negative results were motivated by the existence of terminals that, 

despite not being identified as such, act as multipurpose terminals which proved to be an unsolvable 

situation for the method’s current state. When evaluating the results per ship, it was observed that 97.7% 

of passenger vessels were correctly identified, while the correspondent percentage for cargo ships was 

77%, resulting in an 81.4% success rate on the identification of ship types based on the visited terminal, 

using AIS data, which is an acceptable value, to consent, at least for port traffic, its incorporation on the 

methodology proposed by this thesis.  

In order to assess the credibility of the results obtained and conclusions drawn, two analyses were 

developed, applying data from this study to another methodology, that of Trozzi (2010) and 

implementing the methodology proposed by this thesis with the data from Jiang, et al. (2010), comparing 

the results obtained in both situations. 

Due to the low values of relative differences observed (lower than 15%) as well as the same order of 

magnitude of the results obtained, the proposed methodology’s credibility was attested, enabling its 

implementation to more ample and general cases. The developed methodology for ship emission 

estimation was then applied to three case studies. 

The first one compared the emissions from a cruise ship visiting the port of Lisbon with those of a ferry 

connecting the southern and northern banks of river Tagus. 

The study was conducted for the duration of the cruise ship’s stay in the port of Lisbon. This happened 

on the 5th of August, from 5:08 AM to 1:49 PM, lasting for 8.7 hours. 

Despite both ship types being dedicated to the transport of passengers, there is a significative difference 

in the operation profile of a cruise ship and a ferry, inside a port, with the ferry spending most of the time 

navigating his everyday-route while the cruise ship is moored for the majority of the call’s duration. 

For the cruise, emissions are estimated as 0.936 tons, 0.297 tons, 47.978 tons, 0.033 tons and 0.021 

tons of NOX, SO2, CO2, HC and PM, respectively. For the ferry, emissions are estimated as 54 kg, 20 
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kg, 3042 kg, 1.9 kg and 1.4 kg of NOX, SO2, CO2, HC and PM, respectively, representing a mass of 

emissions 14.85 to 17.37 times lower than those of the cruise ship. 

Despite demonstrating a more active operation than the cruise ship, that was moored most of the time, 

(with a difference of 220 minutes in time spent navigating), with emissions nearly 3 times higher in 

navigation, the ferry spent 42% of the duration of the study moored, emitting almost 350 times less than 

the cruise, in the same navigation mode. This was identified as a major cause for the discrepancy 

observed in the results of total emissions estimations. 

Another case was studied, assessing the distribution of ship emissions in the port of Lisbon, both 

geographically and per ship type. 

Ferries were the vessels more often observed, representing 30.59% of the ship calls, followed by 

container ships and general cargo ships, with respective representations of 17.46% and 16.58%. 

Through the observation of a geographical distribution of ship emissions, this case study concludes that 

ship emissions’ levels tend to be higher near ports’ terminals but are also notably high in areas crossed 

by routes which connect the terminals to the entrance of the port. 

As the port region was divided in cells of 222 by 174 meters (38 628 m2), 1923 cells registered emissions 

at least once for the duration of the study. So, the values of emissions obtained were divided amongst 

an area of 74.28 km2, with highest concentration of instantaneous emissions per cell registering 115 g, 

55 g, 5645 g, 4.8 g, 4.1 g of NOX, SO2, CO2, HC and PM, respectively. 

As for the estimates on the total emissions, the exhaust product with higher values was the carbon 

dioxide, with 7999 tons, 53.5 times higher than the emitted mass of nitrogen oxides, the second higher, 

with 149.4 tons. The emissions of sulphur dioxide reached 36.9 tons, a low value that motivated a deeper 

analysis on emissions per ship type. 

It was concluded that the low value of SO2 emissions was a consequence of the predominance of ferries 

over the global emissions, since the majority of these vessels are equipped with high speed diesel 

engines fueled with marine gas oil that has sulphur content of 0.5%. Additionally, the low value of SO2 

emissions is also associated with the enforcement from the port of Lisbon of the Community Directive 

2005/33/EC that regulates the sulphur content of the fueled used by ships as well as the fuel supplied 

by oil companies, prohibiting the utilization of fuels with sulphur concentrations above 1.5%. 

Finally, with both the particular and general cases being applied to port traffic, the coastal traffic was 

addressed, assessing the emission of a container ship throughout its navigation along the Portuguese 

western coast. 

Coastal maritime traffic has defined ship routes, in the regions of traffic separation schemes delimited 

by reference points, improving the organization and safety of maritime transportation. In this particular 

case, two voyages were observed, along two distinct routes, without any knowledge of loading 

conditions. In the first leg of the voyage, the ship was heading North. Its journey along the Portuguese 

coast lasted 17.6 hours, registering an average speed of 18.3 knots, for 322 nm. Eight days after the 
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first time it was detected, the ship initiated a second crossing of the Portuguese coast, this time heading 

South, for 19.1 hours, averaging 18.5 knots through a 354 nm course. 

For the first voyage, the total estimated emissions were 4.767 tons, 2.686 tons, 167.8 tons, 0.157 tons 

and 0.204 tons, of NOX, SO2, CO2, HC and PM, respectively. The second voyage registered more 

emissions, as it was expected due to the its higher average speed, duration and bigger length. The 

values obtained were 5.325 tons, 3.003 tons, 187.3 tons, 0.175 tons and 0.228 tons of NOX, SO2, CO2, 

HC and PM, respectively. These emissions are on average 12% bigger than for the first leg due to the 

difference in the averaged speed, duration and length of the route, with the second leg surpassing the 

first in all these parameters. By only operating in cruising mode, without reducing the main engine’s load 

below 20%, emission estimates depend only on the ship speed, with a linear relation between the 

instantaneous emissions and the cube of the instantaneous ship speed. 

As a final conclusion, the assessment of the accuracy of the alternative method of ship type identification 

based on the visited terminal and three case studies addressing the estimation of ship emissions put to 

the test this methodology, allowing satisfactory results to be obtained. It was demonstrated by means of 

the case studies conducted that the methodology developed is not only accurate but also independent 

of commercial databases, which was the objective of this thesis. 

As recommendations for further work, the methodology proposed in this thesis can be improved by 

establishing up-to-date empirical and probabilistic models to determine the technical characteristics of 

ships, allowing its immediate application to the world maritime traffic. 

As suggestion for future studies, AIS could be used to evaluate port queues and environmental impacts, 

due to the unnecessary time in voyage spent by ships, observable in their trajectories described by AIS 

positions. 

Another interesting topic to be developed would be the assessment of water contamination from port 

traffic, associated with the utilization of humid exhaustion of main engines, as used nowadays in some 

ferries and towing vessels. 

Regarding ship emissions, AIS has the potential to be used in the future to assess and control emissions 

of the world fleet, in real time. As there are messages in AIS dedicated to dynamic and static data, a 

new type of message could be included, reporting environmental data and values of instantaneous 

emissions, power consumptions and type of fuel being used.  
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APPENDIX 1 – SHIP TYPE CODIFICATION 

The following table describes the numeric code for each ship type as identified in AIS. 

Code Ship & Cargo Classification 

0 Not available (default) 

1-19 Reserved for future use 

20 Wing in ground (WIG), all ships of this type 

21 Wing in ground (WIG), Hazardous category A 

22 Wing in ground (WIG), Hazardous category B 

23 Wing in ground (WIG), Hazardous category C 

24 Wing in ground (WIG), Hazardous category D 

25-29 Wing in ground (WIG), Reserved for future use 

30 Fishing 

31 Towing 

32 Towing: length exceeds 200m or breadth exceeds 25m 

33 Dredging or underwater ops 

34 Diving ops 

35 Military ops 

36 Sailing 

37 Pleasure Craft 

38 Reserved 

39 Reserved 

40 High speed craft (HSC), all ships of this type 

41 High speed craft (HSC), Hazardous category A 

42 High speed craft (HSC), Hazardous category B 

43 High speed craft (HSC), Hazardous category C 

44 High speed craft (HSC), Hazardous category D 

45-49 High speed craft (HSC), Reserved for future use 

50 Pilot Vessel 

51 Search and Rescue vessel 

52 Tug 

53 Port Tender 

54 Anti-pollution equipment 

55 Law Enforcement 

56 Spare - Local Vessel 

57 Spare - Local Vessel 

58 Medical Transport 

59 Noncombatant ship according to RR Resolution No. 18 

60 Passenger, all ships of this type 

61 Passenger, Hazardous category A 
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Code Ship & Cargo Classification 

62 Passenger, Hazardous category B 

63 Passenger, Hazardous category C 

64 Passenger, Hazardous category D 

65-68 Passenger, Reserved for future use 

69 Passenger, No additional information 

70 Cargo, all ships of this type 

71 Cargo, Hazardous category A 

72 Cargo, Hazardous category B 

73 Cargo, Hazardous category C 

74 Cargo, Hazardous category D 

75-78 Cargo, Reserved for future use 

79 Cargo, No additional information 

80 Tanker, all ships of this type 

81 Tanker, Hazardous category A 

82 Tanker, Hazardous category B 

83 Tanker, Hazardous category C 

84 Tanker, Hazardous category D 

85-88 Tanker, Reserved for future use 

89 Tanker, No additional information 

90 Other Type, all ships of this type 

91 Other Type, Hazardous category A 

92 Other Type, Hazardous category B 

93 Other Type, Hazardous category C 

94 Other Type, Hazardous category D 

95-98 Other Type, Reserved for future use 

99 Other Type, no additional information 

 


