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Abstract 

Ship exhaust emissions contribute to air pollution that has adverse health impacts such as 

premature mortality, climate impacts and other environmental impacts such as acidification and 

eutrophication of waterways. Long-term exposure to fine particulate matter (PM2.5) is associated 

with premature mortality from cardiopulmonary disease and lung cancer. Short-term exposure is 

also associated with mortality and hospitalisation with cardiovascular and respiratory disease. Most 

of the fuel used by ocean going vessels in the Australian region is based on crude oil refining residue. 

This fuel has a high sulfur content, which increases PM2.5 emissions and contributes to secondary 

particle formation and growth. The combustion conditions in marine diesel engines result in high 

emissions of oxides of nitrogen, which are precursors for tropospheric ozone and photochemical 

smog that primarily affect air quality in summer. A high proportion of ship exhaust emissions occur 

in coastal areas, and ports are often located in coastal cities. A high proportion of the Australian 

population lives in close proximity to the coast. 

Shipping provides a relatively low greenhouse gas option for transport of goods and is a major part 

of the Australian economy. However, ship exhaust emissions in the Australian region have not been 

comprehensively studied. There is limited knowledge about the exhaust emissions from ship engines 

and boilers in coastal regions and ports in Australia and the effects of these emissions on air quality 

in nearby urban regions. This issue is of growing significance because of the increased regulation of 

land-based emissions, the limited regulation of ship emissions and planned increases in shipping 

activity. Coastal and in-port ship emissions, when advected over land may cause deterioration in air 

quality. Further, the coastal emissions that can be subsequently advected over land are not generally 

considered in Australian studies, in spite of them being much larger than in-port emissions. This 

thesis uses a detailed modelling approach to make a comprehensive study of ship exhaust emissions 

in the Australian region. The modelled emissions are also used to assess ship-related health impacts 

and the potential benefits of control measures. 

A model is developed to calculate ship exhaust emissions using activity data from the Automatic 

Identification System (AIS). The AIS data are combined with ship specific technical data to calculate 

exhaust emissions and fuel consumption for individual ships. The methodology allows ship exhaust 

emissions to be calculated at both large scales and fine resolutions. The model is applied to the 

Australian coast and Australian ports. Emissions and fuel consumption are calculated for 34 ports 

representing 99% of total cargo throughput, regions within 300 km of major population centres, the 

Great Barrier Reef Marine Park, the region nominally within 200 km of the coast, and the entire 

study region, which extends between 5°S to 45°S and 105°E to 160°E. Emissions are categorised by 

ship type, ship size, operating mode and machinery type. The model is evaluated using a detail 

approach that includes comparisons with independent data sources. Ship exhaust emissions are 

compared with emissions from other sources. 

The ship emissions model is used to assess the mortality impact of ship-related PM2.5 in the greater 

Sydney region, and the benefits of two control scenarios that involve using 0.1% low-sulfur fuel. The 

two control scenarios involve using low-sulfur fuel at berth in the four major ports in the region, and 

using low-sulfur fuel within 300 km of Sydney. A comprehensive approach is used for impact 

assessment, involving detailed emission inventories and meteorological data, chemical transport 
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modelling to calculate ship-related PM2.5 exposures, and health impact assessment based on the 

modelled population exposures. The analysis uses spatially gridded hourly ship exhaust emissions 

down to approximately 1 km × 1 km resolution. The results indicate that using 0.1% low-sulfur fuel 

within 300 km of Sydney would reduce the population weighted-mean concentration of ship-related 

PM2.5 by 56%, compared to a 25% reduction using low-sulfur fuel at berth only, and would provide 

more than twice the mortality benefit. 

The ship emissions model is developed further to improve the treatment of regional gaps and short-

term gaps in the AIS data. There are regional gaps in the coverage afforded by the network of 

ground stations that are used to collect the terrestrial AIS data. Calculating emissions for the gap 

regions involves generating interpolated ship tracks that span the gaps. A simple shortest path or 

straight-line interpolation works well where the coast has a concave shape through the gap region. 

This method does not work well where the coast has a convex shape, most notably between 

Brisbane and Newcastle on the east coast. The spatial distribution of the emissions in this gap region 

is considerably improved through steering interpolated ship tracks around land using a combination 

of visibility graphs and Dijkstra’s algorithm. The constructed paths are not constrained to pre-

defined route networks. A geographical cluster analysis is first used to identify the boundary regions 

of the data gaps. It is also shown that emissions in this gap region contribute substantially to the 

total ship emissions within 300 km of Brisbane. 

Further refinements to the model for calculating ship exhaust emissions are made to improve the 

scheme for estimating auxiliary power requirements. While physical models exist for estimating 

propulsive power requirements, similar models are not available for estimating auxiliary power 

requirements. Earlier approaches assumed that installed auxiliary engine power increased in 

proportion to installed main engine power. Auxiliary-to-main engine power ratios were specified by 

ship type, and load factors were specified by ship type and operating mode. Auxiliary boiler power 

was generally not differentiated by ship size. More recent approaches are based on extensive ship 

survey data, and give tables of auxiliary engine and auxiliary boiler power binned against ship type, 

ship size and operating mode. These surveys show that auxiliary power does not necessarily increase 

with ship size or main engine power. A revised approach based on the recent data sources is 

adopted and applied to a case study for the four major ports in Victoria. The revised approach is 

informed by results from a small local survey. Comparisons are made of the impact of the different 

approaches on the magnitude and spatial distribution of the emissions. 

Hourly ship exhaust emissions are required because chemical transport processes are affected by 

diurnally varying meteorological conditions. The environment in which the emissions occur can also 

be affected by time varying emissions from other sources. Hourly emissions down to 1 km resolution 

are examined in greater detail for the region within 300 km of Sydney. These emissions are 

aggregated regionally and by vessel type to examine variability at different temporal resolutions. An 

analysis is made of the accuracy with which the hourly emissions are estimated using longer term 

emissions. These estimates use a spatial structure provided by the longer-term emissions, together 

with assumed temporal profiles. Spatial cell activity hours are analysed to explain large differences in 

the average spatial extent of the emissions at different temporal resolutions, the accuracy with 

which the hourly emission rates are estimated using longer term emissions, and the suitability of 
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generalised temporal profiles to describe the emissions data. Regression analysis is used to model 

the spatial extent of the hourly and daily emissions. 
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Chapter 1. 

Introduction 

1.1. Background 

Exhaust emissions from ships contribute substantially to the total emissions from the transportation 

sector globally (Corbett and Fischbeck, 1997; Eyring et al., 2005; Corbett et al., 2007; Buhaug et al., 

2009; Eyring et al., 2010). Ship exhaust emissions are produced by a combination of different 

machinery. Main engines are used for propulsion, and in some configurations are also used to 

generate electricity. Smaller auxiliary engines are commonly used to generate electricity, and boilers 

are used for various heating purposes. Boilers are operated using waste heat from the exhaust, and 

oil-fired auxiliary boilers are used when insufficient waste heat is available. The majority of the fuel 

is burnt completely to form carbon dioxide (CO2) and water. Emissions of carbon monoxide (CO) and 

volatile organic compounds (VOC) are associated with lower levels of incomplete combustion, which 

also contributes to particle emissions. Sulfur dioxide (SO2) emissions are due to the sulfur content of 

the fuel. Most of the fuel used in ocean going vessels is based on the residue from the oil refining 

process. This fuel generally has a high sulfur content, which increases fine particle (PM2.5) emissions 

and contributes to secondary particle formation and growth. The combustion conditions in marine 

diesel engines result in high emissions of oxides of nitrogen (NOx). Ship exhaust also contains other 

hazardous substances, including Polycyclic Aromatic Hydrocarbons (PAH) and metals that can be 

present in the particle emissions (e.g., Cooper, 2005; Moldanová et al., 2009). 

Ship exhaust emissions contribute to air pollution that has adverse health impacts such as 

premature mortality, climate impacts (e.g., Eyring et al., 2010) and other environmental impacts 

such as acidification (e.g., Hassellöv et al., 2013) and eutrophication (e.g., Jonson et al., 2015) of 

waterways. Long-term exposure to PM2.5 is associated with premature mortality from 

cardiopulmonary disease and lung cancer (Dockery et al., 1993; Pope et al., 2002; Pope et al., 2009). 

Short-term exposure is also associated with mortality and hospitalisation with cardiovascular and 

respiratory disease (Bell et al., 2008; Zanobetti and Schwartz, 2009). A high proportion of ship 

exhaust emissions occur in coastal areas close to large populations, and ports are often located in 

coastal cities. It has been estimated that 70% of global ship exhaust emissions occur within 400 km 

of the coast (Corbett et al., 1999). Most of the Australian population lives near the coast, with 85% 

of the population living within 50 km of the coast in 2001 (ABS, 2004). Studies of monitoring data in 

the United States and Europe have estimated the contribution from ships to ambient PM2.5 near 

ports to range from 1% to 17% (Agrawal et al., 2009; Viana et al., 2009; Contini et al., 2011; Pandolfi 

et al., 2011; Cesari et al., 2014). Similar estimates for China range from 3% to 25% of ambient PM2.5 

(Yau et al., 2013; Zhang et al., 2014; Tao et al., 2017). 

It has been estimated that ship-related PM2.5 was responsible for 60,000 cardiopulmonary and lung 

cancer deaths worldwide in 2002 (Corbett et al., 2007). Interventions to reduce ship-related PM2.5 

include using low-sulfur fuel or achieving the same effect with scrubbers. Other interventions 

include speed reductions in coastal areas and the provision of shore-based power to ships at berth 

(Afon and Ervin, 2008; Browning et al., 2012). A global assessment found that using 0.5% low-sulfur 

fuel in coastal areas could prevent 33,500 premature deaths annually (Winebrake et al., 2009). This 
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reduction in the fuel sulfur content is consistent with an upcoming global restriction imposed by the 

International Maritime Organisation (IMO) from 2020 (IMO, 2008). Stronger regional restrictions can 

be imposed through declaration of Emission Control Areas (ECAs), where ships have been required 

to use 0.1% low-sulfur fuel from 2015. The use of low-sulfur fuels in marine diesel engines has very 

little impact on NOx emissions, which are precursors for tropospheric ozone (O3) and photochemical 

smog that primarily affect air quality in summer. The IMO has also imposed global Tier I and Tier II 

restrictions on NOx emissions, based on ship age and engine type. Stronger Tier III restriction can be 

required in ECAs, and currently apply in ECAs for North America including the United States and the 

Caribbean Sea, to ships constructed on or after 1 January 2016, and in the Baltic Sea and North Sea 

ECAs to ships constructed on or after 1 January 2021. 

Impact assessments often focus on mortality because analysis of the benefits of air pollution 

regulation in the United States suggests that mortality, particularly that associated with PM2.5, is 

responsible for most of the cost of air pollution (US-EPA, 2011). Exposure to PM2.5 is also associated 

with other health outcomes, such as reduced lung function in children (Gauderman et al., 2004), low 

birth weight (Dadvand et al., 2013) and hospitalisation with respiratory and cardiovascular illness 

(Bell et al., 2008). Susceptible groups with pre-existing conditions, elderly people and children are 

particularly vulnerable, and there is no evidence of a safe level of PM2.5 exposure or a threshold 

below which there are no adverse health effects (e.g., WHO, 2013b). Other air pollutants emitted by 

ships are also associated with adverse health effects, including SO2, nitrogen dioxide (NO2) and VOC 

(e.g., US-EPA, 2008a, b; Sarigiannis, 2011; WHO, 2013b). In Australia, standards, goals and 

monitoring and reporting requirements for six common air pollutants (CO, NO2, O3, SO2, lead and 

particles), also known as criteria pollutants, are specified in the National Environment Protection 

(Ambient Air Quality) Measure, or NEPM (AAQ) (DoEE, 2016). The standards consist of concentration 

thresholds, and the goals are based on reducing instances of threshold exceedances. The apparent 

lack of a lower threshold for health effects from PM2.5 exposure is a strong argument in favour of 

emission reduction strategies based on assessing and reducing exposure. There is now a 

requirement in Australia for the commonwealth, states and territories to evaluate and report 

population exposures to PM2.5 annually from June 2018 (DoEE, 2016). 

Assessing exposure to air pollution involves determining pollutant concentrations at locations that 

are not monitored, and can also involve estimating the contribution from specific sources. Methods 

that use monitoring data to obtain spatially detailed exposure estimates include spatial interpolation 

and more sophisticated land-use regression modelling (e.g., Hoek et al., 2008). Using chemical 

tracers for source apportionment can involve applying positive matrix factorisation to reduce a large 

number of measured elements in particulate matter into source groups and sample contributions 

(e.g., Isley et al., 2018). This approach is limited to particulate matter, the tracers for ships can also 

be associated with other emission sources, and it is difficult to quantify source contributions to 

secondary components (e.g., Viana et al., 2014). Chemical transport modelling can address these 

issues, producing spatially detailed exposure fields that are attributable to specific sources, including 

for multiple pollutants. In addition to modelling chemical transport processes, meteorological data 

and relevant emissions from both natural and anthropogenic sources are used as inputs. Accurate 

spatial and temporal allocation of emissions is important because chemical transport processes are 

dependent on the setting in which the emissions occur. This setting includes the composition of the 
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planetary boundary layer, the emissions generated by multiple sources and meteorological 

conditions that have a high degree of spatial and temporal variability. 

Methods for calculating emissions from anthropogenic sources can involve using activity-based 

methods to obtain regional and annual totals, which are then disaggregated using spatial patterns 

and temporal profiles (e.g., Matthias et al., 2018). Temporal profiles have been used for example to 

describe monthly variation within a year, daily variation within a week and hourly variation within a 

day. Similar methods have been used in recently updated inventories (e.g., Zhong et al., 2018). These 

methods do not resolve small single emitters, such as individual road vehicles, but may resolve large 

single sources, such as industrial sites and power stations. Similar methods have been used in 

models for calculating global ship exhaust emissions. Emission totals were estimated using fuel sales 

data or activity-based methods, and were then disaggregating using proxies that describe the 

location and intensity of ship activity (e.g., Corbett et al., 1999; Corbett and Köhler, 2003). Port 

inventories have used arrival-departure data and ship specific technical data to calculate emissions 

for individual ships (e.g., Goldsworthy and Renilson, 2013). Spatially resolved emissions for ships 

transiting between ports have been calculated using shortest paths derived from pre-defined route 

networks (Wang et al., 2007) or using related shortest path methods (Paxian et al., 2010). This study 

uses data from the Automatic Identification System (AIS) to track individual ships. The AIS data and 

ship specific technical data are used to calculate highly spatially and temporally resolved emissions 

for individual ships over large regions (e.g., Jalkanen et al., 2009; Olesen et al., 2010). 

1.2. Problem definition 

Shipping offers a relatively low greenhouse gas option for transport of goods (Buhaug et al., 2009). 

Although shipping is a major element of the Australian economy, ship exhaust emissions in the 

Australian region have not been comprehensively studied. There is limited knowledge about the 

exhaust emissions from ship engines and boilers in coastal regions and ports in Australia and the 

effects of these emissions on air quality in nearby urban regions. This issue is of growing significance 

because of the increased regulation of land-based emissions, the limited regulation of ship emissions 

and planned increases in shipping activity. Coastal and in-port ship emissions, when advected over 

land may cause deterioration in air quality. Further, the coastal emissions that can be subsequently 

advected over land are not generally considered in Australian studies, in spite of them being much 

larger than in-port emissions. Prior to this study, the most comprehensive published inventories and 

analysis for Australian ports were for the Port of Brisbane (Goldsworthy and Renilson, 2013) and for 

the major ports in New South Wales (NSW-EPA, 2012b). Those inventories used conventional port 

arrival and departure data to describe ship movements, and calculate emissions for each individual 

vessel. Other major studies of importance for Australia are the global studies of Corbett et al. (2007) 

and Dalsøren et al. (2009). These studies used global ship traffic datasets to calculate emissions at 

fairly coarse spatial and temporal scales. The data used in Corbett et al. (2007) were improved and 

made publicly available, attributed to Wang et al. (2008). Goldsworthy and Galbally (2011) extracted 

ship emissions totals for the Australian region from those data and compared them with data for 

other emission sources, as described in the National Pollutant Inventory (NPI). According to this 

comparison, exhaust emissions from ships in the region are equivalent to around 45%, 27% and 3% 

of all NOx, SO2 and particle emissions respectively from non-ship mobile and industrial sources, as 

given in the National Pollutant Inventory (NPI, 2013). 
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1.3. Research question 

This study aims to produce a model capable of providing a comprehensive analysis of ship exhaust 

emissions in a wide region that contains numerous ports. The methodology is applied to the 

Australian coast and Australian ports. To facilitate accurate analysis of the dispersion of the 

emissions in the atmosphere, a high degree of spatial and temporal resolution is required. To allow 

analysis of the current sources of emissions, and the impact of future shipping scenarios, a high 

degree of detail regarding ship types and sizes, and their relative contribution to emissions, is 

helpful. Knowledge of the proportion of emissions from the various operating modes and machinery 

types will also facilitate analysis. The study aims to inform future policy making with regard to 

regional transportation systems, allow assessment of the effectiveness of emissions mitigation 

measures, and allow accurate modelling of the contribution of ship emissions to climate change 

impacts. For the shipping industry, the study aims to provide a sound basis for investment planning. 

The study aims to produce a detailed inventory for each port in the region. The study also aims to 

quantify coastal transit emissions not covered by local/port-authority initiated inventories. Further, 

this study aims to use the modelled ship exhaust emissions to assess the health impacts of ship-

related PM2.5 exposure, and the potential benefits of control measures. 

A model is developed to calculate exhaust emissions for individual ships using AIS activity data and 

ship specific technical data. The model is used to make a detailed study of ship exhaust emissions in 

the Australian region. The model is then used to assess the health impacts of ship-related PM2.5 

exposure in the greater Sydney region, and the potential benefits of control measures. Additional 

developments are made to calculate spatially gridded hourly emissions down to approximately 1 km 

resolution, to include more refined modelling of emissions for the Sydney Harbour ferries, and to 

model two different low-sulfur fuel scenarios. Further refinements are subsequently made to 

improve the treatment of regional gaps and short-term gaps in the AIS data. The spatial distribution 

of the emissions in the region between Brisbane and Newcastle is considerably improved using a 

shortest path interpolation method that steers ship tracks around land. A further study is made to 

compare alternative schemes for estimating auxiliary power requirements. A revised approach is 

adopted and applied to a case study of the four major ports in Victoria. The revised approach is 

informed by a local survey of ships to investigate auxiliary power demand. Ship exhaust emissions 

within 300 km of Sydney are then examined in greater detail, including an analysis of the accuracy 

with which spatially gridded hourly emissions are estimated using longer term emissions. Spatially 

gridded hourly emissions are required for chemical transport modelling, whereas emission 

inventories are often presented using annual emissions. 

1.4. Inventory methodologies 

1.4.1. Overall 

There are several possible ways of classifying the different methodological approaches that have 

been used to calculate ship exhaust emissions. A popular scheme describes these methods as either 

“top-down” or “bottom-up”. However, these terms have been used differently by different authors. 

Global models have used fuel sales data or activity-based methods to estimate emission totals, 

which were then disaggregating using proxies that describe the location and intensity of ship 
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activity. The methods based on fuel sales data have been referred to as top-down, and the activity 

based methods have been referred to as bottom-up (e.g., Buhaug et al., 2009). This classification 

may also be used in relation to methods for calculating emissions from other anthropogenic sources 

(e.g., Matthias et al., 2018). Other ship emissions studies have used the term top-down to refer to 

methods in which emission totals are disaggregated spatially and temporally, and have used bottom-

up to refer to methods in which emissions for individual ships are directly estimated in a spatial and 

temporal context (e.g., Wang et al., 2007). These differences have led to a classification in which the 

bottom-up description preferred by Wang et al. (2007) is instead referred to as “full bottom-up” 

(Miola and Ciuffo, 2011). The earlier approaches for estimating global ship exhaust emissions have 

now been replaced with a full bottom-up approach (Smith et al., 2015). This study generally 

characterised the different approaches following Wang et al. (2007). 

1.4.2. Early global models 

Eyring et al. (2010) summarise early methods for global ship emission estimates. Activity-based 

methods for emission totals have represented the global fleet using a range of vessel and machinery 

classes. Activity for main and auxiliary engines for each class (kWh) is found by multiplying together 

average installed power, average operating days and average load. Fuel consumption is found by 

multiplying the machinery output in kWh by the average Brake Specific Fuel Consumption (BSFC) for 

each class. Some methodologies assume the mass of fuel consumed can be taken from fuel sales 

figures. Emissions factors are applied on the basis of mass of emission per kWh of machinery output 

or mass of fuel burnt. The global emissions totals thus derived are distributed spatially using ship 

traffic density proxies, which are based on historical ship movement data. The two main spatial 

proxies are AMVER and ICOADS. AMVER is derived from a ship reporting system used by search and 

rescue authorities. ICOADS is derived from voluntarily reported ocean and atmosphere observations 

with ship locations. Wang et al. (2008) conclude that ICOADS tends to over represent container ship 

traffic and to a lesser extent refrigerated cargo ship traffic, and under represent general cargo ship 

and tanker traffic, while AMVER over represents bulk carrier and tanker traffic and to a lesser extent 

container ship traffic, and significantly under represents general cargo ship, Ro-Ro, and refrigerated 

cargo ship traffic. Both sets may under represent coastal shipping. 

Eyring et al. (2005) and Corbett and Köhler (2003) divided civilian ships into 11 classes with a number 

of engine classes, resulting in 132 sub-groups. For each sub-group, fuel consumption and emissions 

were calculated using average engine load, average operating hours and average BSFC. The number 

of ships in each class and the average installed main engine power in each engine sub-group were 

obtained from ship registration data. Auxiliary engines were considered as an engine subgroup. 

Corbett and Köhler (2003) assumed 50% average load for auxiliary engines. Auxiliary boilers were 

not accounted for nor were emissions in ports. Endresen et al. (2003) accounted for time in port by 

assuming a reduced main engine load factor overall. Fuel consumption in port was estimated by 

adding 5% onto the overall fuel consumption totals. Dalsøren et al. (2009) modelled both port and 

sea modes and used 15 different ship type categories and seven ship size categories. They used data 

from individual ships to estimate engine power for the resultant 105 different ship categories. 

Auxiliary engines, but not auxiliary boilers, were included as an engine type. Auxiliary and main 

engines were assigned a load factor in port and at sea and auxiliary engine installed power was taken 

as a fraction of main engine power. Buhaug et al. (2009) estimated total global ship fuel 
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consumption and thus greenhouse gas emissions, categorising ships into 70 classes based on type 

and size. The average boiler fuel consumption was also calculated. Average activity data for each 

ship class were obtained by analysing data from AIS stations. 

There has been debate over the reliability of fuel sales data, and the activity based methods are 

sensitive to activity profiles, in particular activity times and engine loads (Corbett and Köhler, 2003; 

Endresen et al., 2007). The proxies that are used to allocate emissions spatially are also affected by 

sampling biases. Wang et al. (2008) improved the ICOADS and AMVER data sets by weighting each 

position report with ship installed power. They applied the improved spatial proxies to the emissions 

totals of Corbett and Köhler (2003) and compared the predicted emissions with regional inventories 

from various sources, including emissions for inter-port traffic for North America from the Ship 

Traffic, Energy and Environment Model (STEEM). This model predicts ship activity and assigns it 

accurately to actual shipping routes, using shortest paths derived from a pre-defined network of 

inter-port routes (Wang et al., 2007). This model has also been applied in coastal waters associated 

with Hong Kong (Yau et al., 2012). The comparisons made by Wang et al. (2008) suggest over-

representation of emissions in North America using ICOADS at around 170% and AMVER at around 

200% of STEEM on average, and under-representation in Europe at around 60–70% of regional 

inventories. Paxian et al. (2010) estimated global ship exhaust emissions using shortest path 

methods to model routes for inter-port traffic, and found that more emissions were allocated to the 

coastal regions of Europe and Asia compared with results obtained using ICOADS and AMVER. 

Vinken et al. (2014) directly compared satellite observed and simulated NO2 columns above shipping 

lanes around Europe and found their predicted NOx emissions from ships matched the predictions of 

Wang et al. (2008) within about 15% difference. 

1.4.3. Early models using AIS data 

Where very detailed ship movement data are available, the number of assumptions required to 

model ship routes and ship activity is significantly diminished. The Automatic Identification System 

or AIS is a collision avoidance system in which ships broadcast information including their identity, 

speed and location at frequent intervals of the order of seconds to minutes (e.g., ITU, 2014). 

Carriage of AIS is mandatory under the International Convention for the Safety of Life at Sea, for 

ships of 300 gross tonnage (GT) and upwards engaged on international voyages, cargo ships of 500 

GT and upwards not engaged on international voyages and all passenger ships regardless of size. The 

European Union has a limit of 300 GT for all vessels that visit ports in member states. Smaller vessels 

may also use AIS on a voluntary basis. The VHF radio transmissions from ships using AIS have a 

limited range over the surface of the Earth. This range is affected by factors such as the heights of 

the transmitting antenna and receiving antenna. The AIS data are recorded at numerous ground 

stations at ports and on the coast by various agencies globally. These data are known as terrestrial 

AIS data. In Australia, the Australian Maritime Safety Authority (AMSA) collects comprehensive AIS 

data. The AIS signals can also be collected by specially equipped satellites (e.g., Carson-Jackson, 

2012). The AIS activity data are combined with ship specific technical data to calculate emissions for 

individual ships at both large scales and fine resolutions. 

Jalkanen et al. (2009) and Jalkanen et al. (2012) developed a detailed modelling approach whereby 

all ship movements are tracked at high spatial and temporal resolution using AIS activity data, and 
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applied the model to the Baltic Sea area in 2007. The model is called STEAM (Ship Traffic Emission 

Assessment Model). The characteristics of each ship identified in the AIS data are taken from an in-

house database. These characteristics include ship type, ship size, main engine type, main engine 

rated power and the presence of emission abatement technologies. Unidentified vessels are 

assumed to be small vessels and are assigned average properties of tugs. Actual main engine power 

is assigned as the product of the installed main engine power and the main engine load using the 

propeller law. Where sufficient ship technical data are available, actual main engine power is 

calculated using ship speed, hull resistance and propeller efficiency. The effect of waves on actual 

main engine power is estimated. Auxiliary engine powers are specified in terms of vessel type and 

operating mode. In estimating actual auxiliary engine power, allowance is made for the number of 

cabins subject to air conditioning on passenger vessels and the refrigerated container capacity on 

container ships. It is assumed that auxiliary boiler energy usage and emissions are accounted for in 

the auxiliary engine estimates. Emission factors and BSFC are assigned using engine type and fuel 

type. The effect of engine load on BSFC and emissions factors is modelled. The increase in the 

emission factor for CO during acceleration is modelled. A consistency check is applied to verify that 

vessel speeds are reasonable, and time gaps greater than 72 h are ignored. 

Olesen et al. (2010) report a study of ship emissions in Danish waters using AIS data for ship 

movements and identification. To represent the year 2007, they used 12 two-day periods of AIS 

data, one period for each month, representing both weekend days and normal working days. They 

took main engine power at service speed to be 85% of installed power, and then used regressions of 

service speed against main engine power at service speed from a database maintained by the Danish 

Technical University to obtain service speed. The main engine load factor was modelled using the 

propeller law at the speed given by the AIS activity data. They used empirical relationships giving 

installed auxiliary engine power as a proportion of main engine power and assumed a load factor of 

50% for all ship categories. Olesen et al. (2010) did not use the detailed AIS based approach for 

ports, but rather used more approximate methods based on average time in port by ship type. 

Cotteleer et al. (2012) studied ship emissions in Dutch waters using AIS data. AIS data coverage was 

examined and corrections made to the calculated emissions to allow for the effects of poor coverage 

in some areas. Ship identification from the AIS data was based on Maritime Mobile Service Identity 

(MMSI), IMO/Lloyds number, call sign and name. Relationships based on vessel GT were used to 

derive auxiliary engine and auxiliary boiler fuel consumption at berth. 

Ng et al. (2013) studied ship emissions in the Hong Kong region using AIS data for a two-week period 

to derive average main engine load factor and time in mode by operating mode, vessel type, vessel 

size and location. For the whole inventory period, these averages were applied to each vessel visit to 

calculate emissions. Vessel visits were obtained from port authority data. Song (2014) calculated 

aggregated monthly emissions for container ships at Shanghai Yangshan port. Emissions were 

estimated for a sample of port visits in each month. Total emissions were then obtained by scaling 

up to the total number of visits. The average speed and duration of each visit activity segment was 

estimated from a fleet sample of AIS data. These averages were used to calculate emissions for each 

of the sampled visits, using ship specific installed main engine power and service speed to obtain the 

main engine power, with the main engine load from the propeller law. Auxiliary engine power and 

auxiliary boiler power were obtained from default values by ship capacity. 
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Ship exhaust emissions have been calculated over various regions and time periods using AIS activity 

data and ship specific technical data. Johansson et al. (2013) used STEAM to examine changes in ship 

emissions from 2009 to 2011 in the northern European ECAs, and to evaluate future ship emissions 

scenarios from 2011 to 2015. Jalkanen et al. (2014) used STEAM to calculate detailed ship emission 

inventories for the Baltic Sea from 2006 to 2009. Winther et al. (2014) calculated emissions for the 

Arctic using satellite AIS data in remoter areas. Since commencing this thesis, similar approaches 

have been applied over other regions and time periods, including in the work that is presented in the 

subsequent chapters. Coello et al. (2015) calculated emissions for the UK fishing fleet between May 

2012 and May 2013. Tichavska and Tovar (2015b) used STEAM to calculate emissions for Las Palmas 

Port in 2011. Jalkanen et al. (2016) calculated emissions for the European sea areas in 2011. Aulinger 

et al. (2016) calculated emissions for the North Sea in 2011. Fan et al. (2016) calculated emissions for 

the Yangtze River Delta and East China Sea in 2010. Liu et al. (2016) calculated emissions for East 

Asia in 2013. Chen et al. (2017) calculated emissions for waters around China in 2014. Johansson et 

al. (2017) calculated emissions globally for 2015. 

1.5. Thesis structure 

This thesis comprises a collation of published and submitted refereed journal papers presented in 

Chapter 2 to Chapter 6. The relevant publishing details are given at the beginning of each chapter. 

Some chapters include published supplementary material. Additional supplementary material is 

provided in the Appendix chapter. 

1.5.1. Chapter 1 

The introductory chapter provides relevant background material, leading to the problem definition 

and research question, followed by a description of early methods for calculating large-scale ship 

exhaust emissions, and an outline of the thesis structure. 

1.5.2. Chapter 2 

This chapter describes the initial development of the model that is used for calculating ship exhaust 

emissions in the Australian region. The model uses AIS activity data and ship specific technical data 

to calculate emissions for individual ships. The study region extends between 5°S to 45°S and 105°E 

to 160°E. Aggregated emissions are obtained for the entire study region, the region within 200 km of 

the coast, the Great Barrier Reef Marine Park, regions within 300 km of major population centres, 

and 34 ports representing 99% of total cargo throughput. Emissions over the full study region are 

calculated at approximately 2 km × 2 km resolution. Emissions are categorised by ship type, ship size, 

operating mode and machinery type. The estimated ship exhaust emissions are compared with 

emissions from other sources, as given in the National Pollutant Inventory (NPI) and the National 

Greenhouse Gas Inventory (NGGI). The model is evaluated using a detailed approach that includes 

comparisons with independent data sources. Comparisons of calculated port emissions with 

conventional inventories and ship visit data are favourable. Comparisons between modelled and 

measured fuel consumption for individual ships also show close agreement. 
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1.5.3. Chapter 3 

This chapter examines the mortality effect of ship-related PM2.5 in the Sydney Greater Metropolitan 

Region, and the benefits of two control scenarios that involve using 0.1% low-sulfur fuel. This region 

has the largest concentrated population in Australia (ABS, 2017). The two control scenarios are: a) 

using low-sulfur fuel at berth in the four major ports in the region; and b) using low-sulfur fuel within 

300 km of Sydney. The first control scenario is similar to restrictions on fuel sulfur content in Sydney 

Harbour (NSW-EPA, 2015; AMSA, 2018), but is not limited to cruise ships and applies in all ports. The 

second scenario is similar to an ECA in relation to both the fuel sulfur content (IMO, 2008) and the 

inclusion of coastal ship activity. A comprehensive approach is used for impact assessment, 

involving: a) detailed emission inventories; b) detailed meteorological data; c) chemical transport 

modelling to assess ship-related PM2.5 exposures; and d) health impact assessment based on the 

modelled population exposures. Ship exhaust emissions are calculated using the model described in 

Chapter 2, with additional developments to calculate spatially gridded hourly emissions down to 

approximately 1 km × 1 km resolution, more refined modelling of emissions for the Sydney Harbour 

ferries, and modelling of the two low-sulfur fuel scenarios. The methods for the hourly gridded data 

and the harbour ferry emissions are described in greater detail in Chapter 6. 

1.5.4. Chapter 4 

This chapter describes refinements to the model developed in Chapter 2 for calculating ship exhaust 

emissions, primarily with respect to the treatment of regional gaps and short-term gaps in the AIS 

data. A more effective down-sampling method is used and the method for assigning operating 

modes is also improved. A distinguishing feature of the original method for assigning operating 

modes is retained, in that proximity to the coast is used to separate the “berthed” and “at anchor” 

modes. The modelling in Chapter 2 is applied using terrestrial AIS data. There are regional gaps in 

the coverage afforded by the network of ground stations that are used to collect the terrestrial AIS 

data. Calculating emissions for the gap regions involves generating interpolated ship tracks that span 

the gaps. A simple shortest path or straight-line interpolation works well where the coast has a 

concave shape through the gap region. This method does not work well where the coast has a 

convex shape, most notably between Brisbane and Newcastle on the east coast. The spatial 

distribution of the emissions in this gap region is considerably improved using a shortest path 

interpolation method that steers ship tracks around land. It is also shown that emissions in this gap 

region contribute substantially to the total emissions within 300 km of Brisbane. 

A contemporaneous paper (Johansson et al., 2017) that in each case was submitted and published 

after this chapter (Goldsworthy, 2017) uses shortest paths constructed from a pre-defined route 

network to interpolate ship tracks across regional gaps in the AIS data. Shortest paths constructed 

from a pre-defined route network have also been used to calculate emissions for inter-port traffic in 

North America (Wang et al., 2007). This approach was subsequently applied in coastal waters 

associated with Hong Kong (Yau et al., 2012). Global emissions for inter-port traffic have been 

calculated using related shortest path methods (Paxian et al., 2010). Using route networks constrains 

the constructed paths to pre-defined lines. However, shipping lanes are not lines and can instead be 

many nautical miles wide (e.g., Wang et al., 2007). The methods described in Chapter 4 are 

distinguished in part through the use of visibility graphs to construct shortest paths that avoid 
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obstacles. The constructed routes are not constrained to pre-defined networks. The boundary 

regions of coastal data gaps are also identified using a geographical cluster analysis. Unpublished 

supplementary details are included in the Appendix chapter. 

1.5.5. Chapter 5 

This chapter compares alternative schemes for estimating auxiliary power requirements. Emissions 

from auxiliary engines and auxiliary boilers can be particularly important within ports, due to the 

extended time at berth compared with the time required to transit the port waters. Berthed 

emissions occur in small regions with high activity, resulting in spatial cells with relatively high 

emissions. These emissions can also occur close to populated areas. The importance of these 

emissions is highlighted by results from Chapter 3, which examines the mortality effect of ship-

related PM2.5 in the greater Sydney region. These results indicate that using 0.1% low-sulfur fuel 

within 300 km of Sydney would reduce the population weighted-mean concentration of ship-related 

PM2.5 by 56%, compared to a 25% reduction using low-sulfur fuel at berth only, and would provide 

more than twice the mortality benefit. Conversely, almost half the mortality benefit of using low-

sulfur fuel within 300 km of Sydney is due to using low-sulfur fuel at berth. 

During the different operating modes, ships only use a proportion of the installed machinery power. 

Actual operating powers are required to calculate exhaust emissions. While physical models exist for 

estimating propulsive power requirements, similar models are not available for estimating auxiliary 

power requirements. Earlier approaches assumed that installed auxiliary engine power increased in 

proportion to installed main engine power. Auxiliary-to-main engine power ratios were specified by 

ship type, and load factors were specified by ship type and operating mode. Auxiliary boiler power 

was generally not differentiated by ship size. More recent approaches are based on extensive ship 

survey data, and give tables of auxiliary engine and auxiliary boiler power binned against ship type, 

ship size and operating mode. These surveys show that auxiliary power does not necessarily increase 

with ship size or main engine power. A revised approach based on the recent data sources is 

adopted and applied to the four major ports in Victoria. The revised approach is informed by a local 

survey of ships to investigate auxiliary power demand. Comparisons are made of the impact of the 

different approaches on the magnitude and spatial distribution of the emissions. 

1.5.6. Chapter 6 

This chapter compares ship exhaust emissions at multiple spatial and temporal resolutions over the 

region within 300 km of Sydney. The impact assessment in Chapter 3 uses spatially gridded hourly 

ship exhaust emissions down to approximately 1 km × 1 km resolution, and more refined modelling 

of emissions for the Sydney Harbour ferries than initially implemented in Chapter 2. This chapter 

provides additional details of the associated methods, and examines spatially gridded ship exhaust 

emissions at annual, monthly, weekly, daily and hourly resolutions. Detailed annual emissions are 

presented for the four major ports in the region. The hourly emissions are aggregated regionally and 

by vessel type to describe variability at different temporal resolutions. Cruise ship emissions vary 

both seasonally and diurnally, with low activity in winter and high activity in spring and summer. 

Diurnal variability is associated with a preference for hoteling at berth during the day and cruising at 

sea overnight. Emissions from the Sydney Harbour ferries have a strong but more complex diurnal 
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variation that is affected by work related commuting. Monthly variability is also described for other 

ship types that visited the four major ports in the region. 

Hourly ship exhaust emissions are required because chemical transport processes are affected by 

diurnally varying meteorological conditions, including levels of solar irradiance, air temperature, 

vertical stability, and wind patterns associated for example with sea breezes and land breezes. The 

environment in which the emissions occur can also be affected by time varying emissions from other 

sources. This chapter includes an analysis of the accuracy with which the hourly emissions are 

estimated using longer term emissions. These estimates use a spatial structure provided by the 

longer-term emissions, together with assumed temporal profiles. Similar estimates might be used 

for example if the available meteorological data are for a different period, if the available emissions 

data have a coarser temporal resolution, in making future emission projections because the future 

activity of individual ships is not known, and if ship exhaust emissions are to be used in numerical air 

quality forecasting systems. Spatial cell activity hours are analysed to explain large differences in the 

average spatial extent of the emissions at different temporal resolutions, the accuracy with which 

the hourly emission rates are estimated using longer term emissions, and the suitability of 

generalised temporal profiles to describe the emissions data. Regression analysis is used to model 

the spatial extent of the hourly and daily emissions. 

1.5.7. Chapter 7 

The concluding chapter provides an overall summary of the project, bringing together and discussing 

the findings of the individual chapters, and includes recommendations for future work. 
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Chapter 2. 

Modelling of ship engine exhaust emissions in ports and extensive 

coastal waters based on terrestrial AIS data – An Australian case 

study 

 

This chapter has been published in the journal Environmental Modelling & Software. The citation for 

the research article is: 

Goldsworthy, L., Goldsworthy, B., 2015. Modelling of ship engine exhaust emissions in ports and 

extensive coastal waters based on terrestrial AIS data – An Australian case study. Environmental 

Modelling & Software 63, 45-60. 
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Abstract 

A model is developed to calculate and spatially allocate ship engine exhaust emissions in ports and 

extensive coastal waters using terrestrial Automatic Identification System data for ship movements 

and operating modes. The model is applied to the Australian region. The large geographical extent 

and number of included ports and vessels, and anomalies in the AIS data are challenging. Particular 

attention is paid to filtering of the movement data to remove anomalies and assign correct 

operating modes. Data gaps are filled by interpolation and extrapolation. Emissions and fuel 

consumption are calculated for each individual vessel at frequent intervals and categorised by ship 

type, ship size, operating mode and machinery type. Comparisons of calculated port emissions with 

conventional inventories and ship visit data are favourable. Estimations of ship emissions from 

regions within a 300 km radius of major capital cities suggest that a non-negligible percentage of air 

pollutants may come from ships. 

Keywords:  Ship engine exhaust emissions; AIS movement data; Extensive coastal region; AIS data 

filtering; Regional inventory; Emissions mapping. 

2.1. Introduction 

2.1.1. Overall 

Emissions of exhaust gases and particles from seagoing ships contribute significantly to the total 

emissions from the transportation sector globally (Corbett and Fischbeck, 1997; Eyring et al., 2005; 

Corbett et al., 2007; Buhaug et al., 2009; Eyring et al., 2010). They affect the chemical composition of 

the atmosphere, climate, regional air quality and health. Key emissions are of carbon dioxide (CO2), 

nitrogen oxides (NOx), sulphur dioxide (SO2), particles (PM), carbon monoxide (CO) and volatile 

organic compounds (VOC). Ship emissions of SO2 and NOx may also contribute to localised ocean 

acidification (Hassellöv et al., 2013). 

Winebrake et al. (2009) and Corbett et al. (2007) estimated global mortalities due to ship engine 

exhaust emissions by applying a global climate model to a geospatial inventory of shipping emissions 

(Wang et al., 2008) to determine worldwide concentrations of PM2.5 from Ocean Going Vessels. The 

PM2.5 concentrations were used in cardiopulmonary and lung cancer concentration-risk functions 

and population models to estimate annual premature mortality from these emissions. It was 

concluded that without additional controls on fuel sulphur content, around 87,000 premature 

deaths would occur in 2012. For Australia, the number of premature mortalities due to ship 

emissions is estimated at around 90 to 300 per annum (Winebrake, 2013). 

Shipping offers a relatively low greenhouse gas option for transport of goods (Buhaug et al., 2009). 

Although shipping is a major element of the Australian economy, ship engine exhaust emissions in 

Australian waters have not been comprehensively studied. There is limited knowledge about the 

exhaust emissions from ship engines and boilers in coastal regions and ports in Australia and the 

effects of these emissions on air quality in nearby urban regions. This issue is of growing significance 

because of the increased regulation of land-based emissions, the limited regulation of shipping 

emissions and planned increases in shipping activity. Coastal and in-port ship emissions, when 

advected over land may cause deterioration in air quality. Furthermore, the coastal emissions that 
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can be subsequently advected over land are not generally considered in Australian studies, in spite 

of them being much larger than in-port emissions. The most comprehensive published inventory and 

analysis for Australian ports to date is for the Port of Brisbane (Goldsworthy and Renilson, 2013) and 

for the major ports in the State of New South Wales (NSW-EPA, 2012b). Those inventories use 

conventional port arrival and departure data to describe ship movements, and calculate emissions 

for each individual vessel. Other major studies of importance for Australia are the global studies of 

Corbett et al. (2007) and Dalsøren et al. (2009). These studies use global ship traffic datasets to 

calculate emissions at fairly coarse spatial and temporal scales. The data used in Corbett et al. (2007) 

were improved and made publicly available, attributed to Wang et al. (2008). Goldsworthy and 

Galbally (2011) extracted ship emissions totals for the Australian region from those data and 

compared them with data for other emissions sources, as described in the National Pollutant 

Inventory (NPI). According to this comparison emissions from ships in the region are equivalent to 

around 45%, 27% and 3% of all NOx, SO2 and particle emissions respectively from non-ship mobile 

and industrial sources, as given in the National Pollutant Inventory (NPI, 2013). 

The aim of the present study is to produce a model capable of providing a comprehensive analysis of 

ship engine exhaust emissions in a wide region which contains numerous ports. The methodology is 

applied to the Australian coast and Australian ports. To facilitate accurate analysis of the dispersion 

of the emissions in the atmosphere, a high degree of spatial and temporal resolution is required. To 

allow analysis of the current sources of emissions, and the impact of future shipping scenarios, a 

high degree of detail regarding ship types and sizes, and their relative contribution to emissions, is 

helpful. Knowledge of the proportion of emissions from the various operating modes and machinery 

types will also facilitate analysis. The study aims to inform future policy making with regard to 

regional transportation systems, allow assessment of the effectiveness of emissions mitigation 

measures, and allow accurate modelling of the contribution of ship emissions to climate change 

impacts. For the shipping industry, the study aims to provide a sound basis for investment planning. 

The study aims to produce a detailed inventory for each port in the region. The emissions data are 

publicly owned and the methodology is consistent across all ports. The study also aims to quantify 

coastal transit emissions not covered by port/local authority initiated inventories. 

The main engines of ships provide the propulsive power and consume the most fuel while vessels 

are at sea. Auxiliary engines run while vessels are at sea and also at berth. Electricity, generated by 

the auxiliary engines, is used for lighting, cooking, air conditioning, heating, pumps, auxiliary 

blowers, bow thrusters, control systems, cargo handling, etc. The power usage depends on the 

operating mode. For instance, while ships are manoeuvring electrically operated thrusters are used 

to improve ship manoeuvrability. Boilers are used for fuel heating, cargo heating, steam driven cargo 

pumps, hot water, etc. While the main engines are operating the boiler requirements are generally 

met by a boiler recovering waste heat from the main engine exhaust. When the main engines are 

not in operation, at berth or anchorage, oil fired boilers fulfil these tasks. Cruise ships have relatively 

high electrical loads to supply passenger needs. Ocean Going Vessels (OGV) primarily use low quality 

fuel based on refinery residue (Residual Oil) in engines and boilers. This fuel has relatively high 

sulphur content. 

The Automatic Identification System (AIS) is a mandatory collision avoidance system on ships. Each 

ship transmits a signal giving details of the ship speed and location at frequent intervals. The AIS 



15 

 

data are recorded at numerous ground stations at ports and on the coast by various agencies 

globally. This is known as terrestrial AIS data. In Australia, the Australian Maritime Safety Authority 

(AMSA) collects comprehensive AIS data. Specially equipped satellites can also record the same AIS 

data. In the present model, historical terrestrial AIS data are used to describe ship movements and 

operating modes. Each individual ship is identified from the AIS data. Ship type, ship size and engine 

power are obtained for each vessel from a Lloyd's database (Lloyd's, 2012). Ship speed and operating 

mode are used to calculate engine power and thus emissions, using appropriate emissions factors 

for the particular ship type, operating mode and machinery type. Calculated ship emissions and fuel 

consumption are categorised by ship type, ship size, operating mode (transit, low-

load/manoeuvring, berthed, anchored) and machinery type (main engine, auxiliary engine, auxiliary 

boiler). The methodology is applied to terrestrial AIS data provided by AMSA for the 2010/11 

financial year. Emissions and fuel consumption are calculated for each individual vessel at frequent 

intervals. Other ship emissions studies based on AIS data include Jalkanen et al. (2009), Olesen et al. 

(2010), Pitana et al. (2010), Jalkanen et al. (2012), and Johansson et al. (2013). 

In the detailed methodology, sometimes called the “bottom-up” approach, engine load factors are 

calculated for individual vessels for individual legs of a voyage from a record of the vessel's location 

at specified times. For each vessel's movement between two given waypoints 1 and 2, the locations 

of the pair of waypoints provides the distance 𝑋1,2, and the times of departure and arrival of the 

vessel provides the transit time 𝑡1,2. These are used to calculate the average vessel speed 𝑢1,2 and 

the activity hours 𝑡1,2 for that movement. The main engine does work 𝑊1,2 to propel the ship 

between the waypoints. Propulsive power required, 𝑃, is generally taken to be proportional to the 

cube of the ship speed (ITTC, 2011). Two key characteristics available for each ship are the main 

engine maximum power, 𝑃𝑚𝑎𝑥, and a characteristic vessel speed. This characteristic speed may be 

given in commercial databases as the speed at which the ship is designed to operate (“Service 

Speed”, 𝑢𝑠𝑠), or the notional vessel speed at maximum engine power, 𝑢𝑚𝑎𝑥. Both speed definitions 

ultimately rely on an assumption as to the fraction, 𝑓, of maximum engine power used at a vessel's 

design speed. Typical values used range from 0.8 to 0.9. Jalkanen et al. (2009) used 0.8. US-EPA 

(2009a) recommends 0.83. Buhaug et al. (2009) used 0.9. Olesen et al. (2010) used 0.85. Load factor, 

𝐿𝐹, is the quotient 𝑃/𝑃𝑚𝑎𝑥. The emissions factor 𝐸𝐹 is given as mass of emissions per unit of engine 

work. Brake Specific Fuel Consumption (BSFC) is the mass of fuel burnt per unit of work done by the 

engine, a measure of the efficiency of the engine. The emissions (𝐸1,2) and fuel consumption (fuel1,2) 

for a movement are calculated: 

 𝑢1,2 = 𝑋1,2/𝑡1,2 (2.1) 

 𝐿𝐹 = 𝑃/𝑃𝑚𝑎𝑥 = (𝑢1,2/𝑢𝑚𝑎𝑥)
3

= 𝑓 × (𝑢1,2/𝑢𝑠𝑠)
3

 (2.2) 

 𝑊1,2 = 𝑃𝑚𝑎𝑥 × 𝐿𝐹 × 𝑡1,2 (2.3) 

 𝐸1,2 = 𝐸𝐹 × 𝑊1,2  and  fuel1,2 = BSFC × 𝑊1,2 (2.4) 

The cubic law (Equation 2.2) is widely applied in detailed ship emissions inventories. It uses a well-

defined value of required engine power at the vessel's design speed, and then uses the cubic 

relationship to calculate power at other vessel speeds. The engine power required at design speed is 

evaluated by the ship designers and is used to select the size of the propulsion engine, with a margin 
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to allow for wind, waves, hull fouling etc. The greatest deviations from the cubic law would occur for 

higher speed vessels, such as container ships, where wave-making drag becomes more significant 

near their service speed (MAN, 2011). The effect of deviations from the cubic relationship on power 

prediction would be significant only at speeds significantly different from the service speed because 

Equation (2.2) is anchored at the service speed. The more advanced approach of Jalkanen et al. 

(2012) based on the method of Hollenbach (1998) would probably improve the accuracy of ship 

power prediction as far as hull resistance and propeller losses are concerned. However, numerous 

other factors affect the accuracy of power prediction. These include the effects of wind, waves, 

currents, hull and propeller fouling, vessel trim, engine condition and fuel quality. Further, the 

fraction of maximum engine power assigned at a vessel's design speed (𝑓 in Equation 2.2) is not 

precisely defined. 

In conventional inventories, the waypoints are widely spaced. Typical waypoints used are: arrival at 

and departure from port boundaries; and arrival at and departure from berth. For port inventories, 

representative distances between port boundaries and berth are used to calculate average speed 

and thus average main engine load factor. Where waypoints close to berths are not available, 

assumptions are made as to average main engine load factor and time in mode while main engines 

are operating at low loads during manoeuvring into and out of berths. The detailed methodology as 

applied to ports is well described in US-EPA (2009a), PoLA (2011) and Goldsworthy and Renilson 

(2013). For vessels moving between ports, in the absence of detailed movement data, assumptions 

can be made as to probable routes and the distances covered to calculate average main engine load 

factors (see for example Wang et al., 2007; Entec, 2010). Where comprehensive AIS data are 

available, the location of each vessel is known at short time intervals of the order of seconds, 

allowing more accurate calculation of main engine load factors and a high degree of spatial 

resolution for the derived emissions. 

At berth, overall emissions rates are lower but time spent at berth (or at anchor) is higher than time 

spent approaching a port. Further, berths are often located near population centres so the impact of 

emissions at berth may be higher than of emissions at sea. There is no simple relationship between 

vessel speed and actual auxiliary engine power or actual auxiliary boiler power, so it is necessary to 

estimate them using look up tables or empirical correlations. The actual powers are dependent on 

the operating mode. Installed auxiliary engine power can be obtained for a limited percentage of 

ships from commercial databases, but the load factor remains ill-defined. Tables given in US-EPA 

(2009a) and PoLA (2011) provide installed auxiliary engine power as a fraction of installed main 

engine power and auxiliary engine load factor, by ship type and operating mode. The data were 

obtained from vessel boarding programs. These data on installed power and load factor should be 

used together, because use of installed auxiliary engine power from other sources in combination 

with the tabulated load factors might give net actual power differing from that determined from the 

vessel boarding programs. Olesen et al. (2010) used empirical relationships giving installed auxiliary 

engine power as a proportion of main engine power and assumed a load factor of 50% for all ship 

categories. Entec (2010) derived ratios of installed auxiliary engine power to installed main engine 

power by ship type from a limited set of known values then assumed 30% load factor at sea, 50% 

load factor while manoeuvring and 40% load factor at berth. 
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2.1.2. Regional models using AIS data directly 

Jalkanen et al. (2009) and Jalkanen et al. (2012) have developed a detailed modelling approach 

whereby all ship movements are tracked at high spatial and temporal resolution using 

comprehensive AIS data, and applied the model to the Baltic Sea area for calendar year 2007. The 

model is called STEAM (Ship Traffic Emission Assessment Model). The characteristics of each ship 

identified in the AIS data are drawn from an in-house database. These characteristics include ship 

type, ship size, main engine type, main engine rated power and the presence of emissions 

abatement technologies. The effect of waves on actual main engine power is estimated. Assigned 

actual auxiliary engine power is essentially independent of ship size but dependent on operating 

mode and partially dependent on ship type. Allowance is made for the number of cabins subject to 

air conditioning on passenger vessels and the refrigerated container capacity on container ships in 

estimating actual auxiliary engine power. It is assumed that boiler energy usage and emissions are 

accounted for in the auxiliary engine estimations. Actual main engine power is assigned as the 

product of the load factor (Equation 2.2) and the installed main engine power. Alternatively, where 

sufficient data on a vessel are available, actual main engine power is calculated using ship speed, hull 

resistance and propeller efficiency. The effect of engine load on BSFC and emissions factors is 

modelled. The increase in the emission factor for CO during acceleration is modelled. AIS movement 

data are taken to be consistent if the average speed between any two position reports, calculated 

from the distance and time, is reasonable. Further, no emissions are calculated for data gaps greater 

than 72 h. Olesen et al. (2010) report a study of ship emissions in Danish waters using AIS data 

directly for ship movements and identification. To represent the year 2007 they used 12 two-day 

periods of AIS data, one period for each month, representing both weekend days and normal 

working days. They took main engine power at service speed to be 85% of installed power and then 

used regressions of service speed against main engine power at service speed from a database 

maintained by Danish Technical University to obtain service speed. Equation (2.2) was then used to 

obtain main engine load factor at the speed given by the AIS movement data. They used empirical 

relationships giving installed auxiliary engine power as a proportion of main engine power and 

assumed a load factor of 50% for all ship categories. For Danish ports Olesen et al. (2010) did not use 

the detailed AIS based approach, but rather used more approximate methods based on average time 

in port by ship type. 

Cotteleer et al. (2012) studied ship emissions in Dutch waters using AIS data. AIS data coverage was 

examined and corrections made to calculated emissions to allow for the effects of poor coverage in 

some areas. Ship identification from the AIS data was based on Maritime Mobile Service Identity 

(MMSI), IMO/Lloyds number, call sign and name. Auxiliary engine and auxiliary boiler fuel 

consumption at berth were related to vessel Gross Tonnage (GT). 

Ng et al. (2013) studied ship emissions in the Hong Kong region using AIS data for a two week period 

to derive average main engine load factor and time in mode by operating mode, vessel type, vessel 

size and location. For the whole inventory period, these averages were applied to each vessel visit 

(as given by port authority data) to calculate emissions. 

Johansson et al. (2013) used STEAM to examine changes in ship emissions in the northern European 

emission control area (ECA) from 2009 to 2011, and to evaluate future ship emissions scenarios. 
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Jalkanen et al. (2014) used STEAM to produce a comprehensive and detailed emissions inventory for 

Baltic Sea shipping in 2006–2009. 

AIS transmissions have limited range across the surface of the Earth, so the usefulness of AIS data 

recorded by ground stations depends on the number of stations and their locations. The AIS signals 

from ships can be recorded by appropriately equipped satellites in low earth orbits. AIS satellites can 

thus record AIS data in areas remote from terrestrial recording stations. While historical satellite AIS 

data are available commercially, the cost is significant, there are potential problems with signal 

congestion in busy shipping areas such as ports, and there are temporal gaps while satellites are not 

overhead. Methodologies developed for terrestrial AIS data could be applied to satellite AIS data if 

available. It may be that a hybrid of satellite and AIS data would overcome the limitations inherent in 

both sources. A report to the International Maritime Organisation (IMO, 2013) outlines a 

methodology for calculating black carbon (BC) emissions in high latitudes using AIS data for tracking 

ship movements. In the more remote Arctic regions satellite AIS data are used, but in the parts of 

the North Sea and Baltic Sea where ship traffic density is high the satellite AIS system gives very little 

useful data due to signal congestion. For these areas, data from the terrestrial AIS receiving system 

are used. The satellite and terrestrial AIS data are combined into a single data set for emissions 

calculations. 

2.1.3. Global models 

Eyring et al. (2010) summarise methodologies for global ship emissions estimates. Generally in 

global inventories, the global fleet is represented by a range of vessel and machinery classes. Activity 

for main and auxiliary engines for each class (kWh) is found by multiplying together average installed 

power, average operating days and average load. Fuel consumption is found by multiplying the 

machinery output in kWh by average specific fuel consumption for each class. Some methodologies 

assume the mass of fuel consumed can be taken from fuel sales figures. Emissions factors are 

applied on the basis of mass of emission per kWh of machinery output or mass of fuel burnt. The 

global emissions totals thus derived are distributed spatially using ship traffic density proxies, which 

are based on historical ship movement data. This is sometimes referred to as a “top down” approach 

to emissions estimation. The two main spatial proxies are AMVER and ICOADS. AMVER is derived 

from a ship reporting system used by search and rescue authorities. ICOADS is derived from 

voluntarily reported ocean and atmosphere observations with ship locations. Wang et al. (2008) 

conclude that ICOADS tends to over represent container ship traffic and to a lesser extent 

refrigerated cargo ship traffic, and under represent general cargo ship and tanker traffic, while 

AMVER over represents bulk carrier and tanker traffic and to a lesser extent container ship traffic, 

and significantly under represents general cargo ship, Ro-Ro, and refrigerated cargo ship traffic. Both 

sets may under represent coastal shipping. 

Eyring et al. (2005) and Corbett and Köhler (2003) divided civilian ships into 11 classes with a number 

of engine classes, resulting in 132 sub-groups. For each sub-group, fuel consumption and emissions 

were calculated using average engine load, average operating hours and average specific fuel 

consumption. The number of ships in each class and the average installed main engine power in 

each engine sub-group were obtained from ship registration data. Auxiliary engines were considered 

as an engine subgroup. Corbett and Köhler (2003) assumed 50% average load for auxiliary engines. 
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Auxiliary boilers were not accounted for nor were emissions in ports. Endresen et al. (2003) 

accounted for time in port by assuming a reduced main engine load factor overall. Fuel consumption 

in port was estimated by adding 5% onto the overall fuel consumption totals. Dalsøren et al. (2009) 

modelled both port and sea modes and used 15 different ship type categories and 7 ship size 

categories. They used data from individual ships to estimate engine power for the resultant 105 

different ship categories. Auxiliary engines, but not auxiliary boilers, were included as an engine 

type. Auxiliary and main engines were assigned a load factor in port and at sea and auxiliary engine 

installed power was taken as a fraction of main engine power. Buhaug et al. (2009) estimated total 

global ship fuel consumption and thus greenhouse gas emissions, categorising ships into 70 classes 

based on type and size. The average boiler fuel consumption was also calculated. Average activity 

data (operating days and load factor) for each ship class were obtained by analysing data from AIS 

stations. 

In the “bottom-up” approach emissions estimations are based on activities of individual vessels 

associated with locations so that spatially resolved emissions inventories are developed directly. 

Estimates are based on individual ship movements and the attributes of each ship. The locations of 

emissions may be determined by the locations of the most probable navigation routes, often 

simplified to straight lines between ports, or on predefined trades (Eyring et al., 2010). Wang et al. 

(2007) derived a ship traffic, energy and environment model (STEEM) to predict ship activity and 

assign it accurately to actual shipping routes, and applied the model to inter-port movement for 

North America. This is a hybrid of the bottom up and top down approaches. The AIS based 

inventories described previously fall into the bottom up category and show that where very detailed 

ship movement data are available, the number of assumptions required to model ship routes and 

ship activity is significantly diminished compared with top down approaches. 

Wang et al. (2008) improved the ICOADS and AMVER data sets by weighting each position report 

with ship installed power. They applied the improved spatial proxies to the emissions totals of 

Corbett and Köhler (2003) and compared the emissions predicted with regional inventories from 

various sources including STEEM. These comparisons suggested over-representation of emissions in 

North America using ICOADS at around 170% and AMVER around 200% of STEEM on average and 

under-representation in Europe at around 60–70% of regional inventories. Vinken et al. (2014) 

directly compared satellite observed and simulated NO2 columns above shipping lanes around 

Europe and found their predicted NOx emissions from ships matched the predictions of Wang et al. 

(2008) within about 15% difference. 

2.2. Methodology 

2.2.1. Overall 

In the present model, ship engine exhaust emissions are calculated for the 2010/11 financial year 

using terrestrial Automatic Identification System (AIS) data for that period to describe individual ship 

movements and operating modes. We filter the AIS data to remove anomalies and ensure ship 

operating modes are correctly assigned. Further details are given in Section 2.2.2. Data gaps are 

filled by interpolation and extrapolation. Only Class A AIS data are used in the present case study. 

Class A has been mandated by the International Maritime Organisation (IMO) for vessels of 300 
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gross tonnage and upwards engaged on international voyages, cargo ships of 500 gross tonnage and 

upwards not engaged on international voyages, as well as passenger ships (more than 12 

passengers), irrespective of size (IALA, 2004). Emissions and fuel consumption are calculated, for 

each vessel and machinery type (main engine, auxiliary engine, auxiliary boiler), for each AIS 

movement. An operating mode (transit, low-load/manoeuvring, berthed, anchored) is assigned to 

each movement. The number of visits to each port by each individual vessel is calculated. For a port 

visit to be counted a vessel must cross the port boundary and achieve berthed status. Main engine 

load factors are calculated using ship speeds derived from the AIS data (Equation 2.2). Calculated 

ship emissions and fuel consumption are categorised by ship type, ship size, operating mode and 

machinery type. Exhaust emissions calculated are: NOx, SO2, PM10, PM2.5, VOC, CO, CO2, CH4, N2O 

and PAH. 

 

 

Figure 2.1: Extent of study area, 5°South to 45°South, 105°East to 160°East, also showing regions within a radius of 
300 km of the major capital cities, the nominally 200 km boundary (red line), populated areas (red shaded areas) and 
the EEZ boundary (green line) which is nominally 400 km from the coast. 

 

Emissions are calculated for the whole Australian region which extends from Latitude 5°South to 

45°South, Longitude 105°East to 160°East, for the region within 200 km of the coast (extended to 

include the main shipping routes across the Great Australian Bight), and within a 300 km radius of 

the population centroids of each of Melbourne, Brisbane, Sydney, Adelaide and Perth. The 300 km 
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radius is chosen as a reasonable scale for analysis of potential dispersion of ship emissions over the 

most populated regions. The 200 km region is included to highlight the extent of ship emissions near 

the coast. This region includes most of the coastal and in-port shipping activity while excluding much 

of the more remote international going activity. Further, emissions are reported for each Australian 

port that had total imports and exports greater than two million tonnes in 2010/11. These ports 

represent 99% of the total cargo throughput, according to Ports Australia statistics (PA, 2012). The 

extent of the study area is illustrated in Figure 2.1. Port boundaries used are either the port legal 

waters or where they are not available publicly, the customs boundaries are used. We use 

Geoscience Australia Geodata 250 K (GA, 2006) for identifying the coast (Territorial Sea baseline, 

harbours and estuaries) and marine infrastructure such as jetties. Calculated emissions are 

compared with data for the relevant regions taken from the NPI and the NGGI. 

From the AIS movement data, within the study bounds, we identified 7125 unique vessels with valid 

MMSI and Lloyd's/IMO Number, excluding vessels with propulsion types “sail” or “petrol engine”. 

For each of the 7125 vessels we obtained data from Lloyd's Seaweb (Lloyd's, 2012) on Vessel Name, 

Flag, Year, Seaweb Vessel Type, Gross Tonnage, TEU capacity, passenger capacity, Propulsion Type, 

Main Engine Stroke, Main Engine Type, Total Main Engine Power and Service Speed. The Propulsion 

Type is a descriptive field and so was interrogated to extract engine type (Diesel, Steam Turbine or 

Gas Turbine) and drive type (Direct/Geared or Electric). The Main Engine Stroke field identifies 

whether the Diesel engines are Slow Speed Diesel (SSD) or Medium Speed Diesel (MSD). A further 18 

vessels with valid MMSI but invalid Lloyd's/IMO number were identified by their MMSI, using data 

obtained from the International Telecommunication Union, which holds a record of MMSI and the 

basic characteristics of the vessels such as ship type and GT. For these 18 vessels, correlations based 

on GT and ship type, derived from the Lloyd's data for the 7125 vessels with valid Lloyd's/IMO 

number, were used to assign characteristics such as main engine power and service speed. Further, 

28 Sydney Harbour ferries were identified from their MMSI and modelled using published vessel and 

engine characteristics (Transport for NSW, 2012). 

Of the total of 7171 unique vessels, 6528 are classified as Ocean Going Vessels (OGV), and the 

remainder classified as the Miscellaneous type. For reporting of emissions, vessels are categorised as 

Bulk Carrier, Container, Crude Oil Tanker, General Cargo, Miscellaneous, Passenger, 

Products/Gas/Chemical Tanker, Reefer, Ro-Ro Cargo and Vehicles Carrier. In addition, Bulk Carriers, 

Containers, and Crude Oil Tankers are each divided into three size categories. Passenger Vessels are 

divided into three sub-types and the Miscellaneous category is divided into 20 sub-types. Small 

passenger vessels other than the Sydney Harbour (Port Jackson) ferries are not included. 

Naval vessels generally do not appear in the AIS data. While their contribution to emissions such as 

NOx, CO and VOC may be significant, the fact that they generally use low sulphur fuels would lead to 

less significant SO2 and PM emissions. 

2.2.2. Movement data 

2.2.2.1. Source AIS data 

Each AIS report gives the ship identification, time, position, speed, course, heading and navigational 

status. The emissions are calculated for each vessel between each position report. Given the large 
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spatial extent of the Australian coastline and large number of ports, the raw AIS data set is large. The 

position reports are much more closely spaced than is required for emissions modelling, so the size 

of the data set was reduced by ignoring every second report in the supplied data to reduce the size 

of the total data set. Halving the number of position reports effectively increases the maximum 

travel distance of a vessel between reports from 70 to 140 m, which still represents fine resolution 

of vessel location. 

AIS receiving stations are located at the majority of ports as well as in various location around the 

coast (AMSA, 2010). While ships moving around portions of the eastern coast and across the Great 

Australian Bight may move out of the range of terrestrial AIS receivers, they are likely to be recorded 

at or near the beginning or end of those legs. Ships moving to or from Australia on international 

voyages will be out of AIS range for much of their voyage. However, all vessels on international legs 

travel to or depart from an Australian port, where their activity is well captured. 

An “edge” is defined as the interval between two consecutive position reports. Each edge represents 

the distance travelled and the time taken between consecutive position reports. We calculate an 

emission total for each edge for each vessel. The inferred speed is obtained from the calculated 

distance and time interval (Equation 2.1). 

2.2.2.2. Data gaps and anomalies 

2.2.2.2.1. Time gaps 

Time gaps might occur if the AIS signal is temporarily lost due to a vessel going out of range while 

moving around the coast, or if vessels go international then return. (Occasional signals are received 

from well beyond normal expected range.) Time gaps less than 7 days are interpolated linearly, given 

that they are used to construct edges that might be used in the emissions calculation, provided they 

are not filtered out due to anomalies. For the purpose of calculating edge lengths, it is assumed that 

ships move along the shortest path between two points on the surface of the earth. The WGS84 

datum used is based on an oblate spheroid so that shortest paths in the case study region are great 

elliptic arcs. The time of 7 days is chosen to allow for the limiting case of a slow vessel sailing across 

the Great Australian Bight. 

Time gaps greater than 7 days generally represent vessels on international voyages and these 

movement data are extrapolated to the study region boundary. The extrapolation creates two 

edges. The first edge is obtained by forward extrapolation from the vessel position at the start of the 

time gap, and the second edge is obtained by backward extrapolation from the vessel position at the 

end of the time gap. The forward extrapolation uses the average course and speed of the vessel in 

the hour preceding the time gap. The backward extrapolation uses the average course and speed of 

the vessel in the hour after the time gap. The calculated average speeds and the edge lengths are 

used to obtain the duration of each edge. Extrapolated edges are required to have a speed of at 

least 5 kn and a length that is not greater than 3000 km. In addition, the time gap minus the 

combined edge duration is required to be greater than one day. The length restriction avoids 

erroneous extrapolations across the region. The time restriction ensures that the vessel is outside 

the study region for at least one day, during which emissions and fuel consumption are not 

calculated. 
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2.2.2.2.2. Excess speed/erroneous position reports 

While position report precision is quoted at 10−6° (approximately 1 m), anomalous position reports 

are found in the raw data, requiring filtering. An inferred speed is obtained from the calculated 

distance and time interval between consecutive position reports (Equation 2.1). An average speed is 

calculated from the reported speeds for the same reports. A test on data integrity is made by 

comparing the average of the reported speeds with the inferred speed between the same reports. 

This test filters out anomalies where for instance positions are incorrectly reported. We accept 

edges if the inferred speed is within a band of ±50% of average reported speed. For low average 

speeds less than or equal to 5 kn, a constant band width of ±2.5 kn is used. Internal position reports 

are rejected for any number of consecutive anomalous edges and a new edge created. The 

replacement edge is retained if it gives no speed anomalies. Where a reported speed is not available 

for a position report, an adjoining edge is rejected if the inferred speed is greater than 30 kn. Further 

filtering of speed anomalies occurs at the emissions calculation stage where the main engine load 

factor as calculated by Equation (2.2) is limited to a maximum of 100%. 

2.2.2.2.3. Final edge set 

We consolidate zero length sequences of edges into single zero length edges called “consolidated 

edges”. A further small percentage of the unused edges are for ignored operating modes, and only 

those edges for which a vessel has been identified are used. Further, emissions are not calculated for 

edges for tugs at berth in all ports on the basis that tugs at berth are not producing emissions. 

Emissions are not calculated for edges for three large Passenger/Ro-Ro vessels at berth at Fremantle 

which were being produced at Austal, on the basis that they were not generating hotel services 

while at rest at the production facility. Their emissions during sea trials are calculated but their 

emissions at berth are not. 

Position report processing results are shown in Table 2.1. Of the 386,174,222 edges remaining after 

filtering for anomalies and zero length sequences, adding replacement edges for anomalies and 

adding extrapolated edges, 12.6% are unused because they are for unidentified vessels or irrelevant 

propulsion types, 9.7% are unused because they are for tugs at berth and finally 77.3% are used in 

the emissions calculations. Harbour tugs at berth in Australia use shore power. The irrelevant 

propulsion type is primarily “sail”, and of the 12.6%, the majority is unidentified vessels. Jalkanen et 

al. (2009) assumed unidentified vessels were small craft and used average values for tug boats. This 

assumption was not made in the present study as it is not justified. Unidentified vessels in the 

movement data could be large vessels sending incorrect IMO and MMSI numbers consistently or 

inconsistently. While there are relatively few extrapolated edges, they are generally very long edges 

and it is found that they yield around 25% of total ship fuel consumption and emissions for the 

whole study region. 
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Table 2.1: Summary of position report processing results for the whole study area, after 50% of raw position reports 
were rejected. 

Edge category Number of edges  

Reported 430,925,285  

Outside region –9,536,407  

Time gap >7 days –7693  

High inferred speed (+50%) –1,773,822  

Low inferred speed (–50%) –1,248,291  

Low average speed high difference (for average ≤5) –1,278,504  

Missing average high inferred speed (inferred >30) –3747  

Zero length sequence (redundant edges) –37,277,120  

Zero length (consolidated edges) +5,626,982  

Speed anomaly replacement +739,050  

Extrapolation +8489  

Sub total 386,174,222 100% 

Unidentified vessels or irrelevant propulsion type –48,731,917 12.6% 

Sub total 337,442,305 87.4% 

Ignored operating modes: known vessels –1,182,602 0.3% 

Removed moored edges for tugs all ports  –37,304,155 9.7% 

Removed moored edges for Passenger/Ro-Ro Fremantle  –332,309 0.1% 

Balance 298,623,239 77.3% 

 

The ship position reports are mapped in ArcGIS to ensure they are correctly aligned with the 

coastline and marine infrastructure. Examination of the movement data in ArcGIS shows that the 

berths and movement data are correctly aligned, as can be seen in Figure 2.2 for example. 

 

 

Figure 2.2: Qualitative ship position report frequency in the vicinity of the Hay Point jetty. The blue lines show the jetty 
as represented in the Geoscience Australia Geodata 250 K (GA, 2006). 
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2.2.2.3. Operating modes 

For modelling emissions, machinery power defaults are assigned according to vessel operating 

mode. The AIS system reports an operating mode (navigational status), but this relies on ships' 

officers to update the value manually, which does not necessarily happen reliably. The movement 

data are analysed to ensure rational operating modes are assigned for emissions calculations. The 

resultant operating mode statistics are given in Table 2.2. Where nominally transit modes show a 

main engine load factor less than 20%, they are assigned as low-load/manoeuvring. Below 20% load, 

low-load adjustment factors for emissions and fuel consumption begin to take effect. Main engine 

load factor is given by Equation (2.2). The Service Speed primarily comes from Lloyd's (2012) and 

represents the nominal cruising speed of the vessel. It is assumed that the main engines are 

operating at 85% of their rated power when the inferred speed is equal to the Service Speed (MAN, 

2011). Consequently, when main engine load factor is 20%, ship speed is 62% of Service Speed. The 

low-load/manoeuvring category in the present study will thus encompass some ship activity in 

restricted speed areas associated with ports and anchorages, as well as the activity of manoeuvring 

into and out of berths. The delineation of the periods during which vessels are manoeuvring into and 

out of berths and anchorage could potentially be based on speed and location, which would allow 

low load operation and manoeuvring to be treated as separate operating modes. 

 

Table 2.2: Final operating mode statistics for identified vessels. 

AIS navigational status 
or other edge type 

Modelled 
operating mode 

Number of edges 
assigned to 
known vessels 

Percentage 
of total 

Underway using 
engines + other modes 

transit 158,102,962 47% 

Low loada low-load/manoeuvring 57,410,932 17% 

Underway sailing transit 2,014,876 0.6% 

Other transit (extrapolations)a transit 7546 0.0% 

Moored, speed less than 1 kn berthed 69,919,491 21% 

At anchor, speed less than 1 kn anchored 36,994,015 11% 

Not under command, 
speed less than 1 kn 

ignored 1,166,705 0.3% 

Aground, speed less than 1 kn ignored 5128 0.0% 

Restricted manoeuvrability low-load/manoeuvring 11,609,095 3.4% 

Constrained by draught low-load/manoeuvring 200,786 0.1% 

Engaged in fishing ignored 10,769 0.0% 

Total  337,442,305 100% 

a “Low load” and “Other transit (extrapolations)” are modes derived from the AIS data. They are not modes reported by the 
AIS system. 
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Operating modes are assigned to individual edges based on the properties of their first vertex 

(position report). The process of assigning the operating modes in Table 2.2 is as follows: 

1) Initial assignment: 

a) Four operating modes are assigned based on the reported navigation status, namely 

“restricted manoeuvrability”, “constrained by draft”, “engaged in fishing” and “underway 

sailing”. 

b) Four operating modes are assigned based on a combination of the reported navigation 

status and the inferred speed. For edges with an inferred speed of less than or equal to 1 kn, 

“at anchor”, “not under command”, “berthed” and “aground” are assigned as reported. 

c) Any remaining edges with an inferred speed of less than or equal to 1 kn are assigned as 

“berthed” if they are within 1 km of the coast (allowing for harbours and estuaries). 

d) Any remaining edges with an inferred speed of less than or equal to 1 kn are assigned as 

“at anchor”. 

e) Any remaining edges are assigned as “underway using engines”. 

2) Transit edges with a load of less than 20% are reassigned as “low-load/manoeuvring”. 

Thus, the first two rows of Table 2.2 include edges designated in the raw data with navigational 

status as “underway using engines”, plus edges for nominally stationary modes where the speed is 

greater than 1 kn (“at anchor”, “not under command”, “aground” and “moored”). Of these edges, 

those with main engine load less than 20% show in the second row of Table 2.2 as “low-

load/manoeuvring”, and the remainder in the first row as “transit”. The edges showing in the third 

row are the instances where ships' officers have entered “underway sailing” instead of “underway 

using engines”, and the main engine load is not less than 20%. The instances where the engine load 

is less than 20% are included the “low-load/manoeuvring” category. Similarly, the edges showing in 

the fourth row of the table are the extrapolated edges where the main engine load is not less than 

20%. Where the main engine load is less than 20%, the edges are included in the “low-

load/manoeuvring” category. It will not matter greatly if some of the edges assigned as “berthed” 

are actually “anchored”. The amount of time spent anchored that close to the coast (e.g. in the 

harbour) will be relatively minor. Most anchorage will occur more than 1 km from the coast. Further, 

the “anchored” defaults for auxiliary engine and auxiliary boiler power are similar to those for 

“berthed” so the emissions will be similar. A distance of 1 km from the coast is taken as the limit 

because some ports have very long jetties running out from the coast. Further, four bulk ports (Hay 

Point, Abbot Point, Port Walcott and Dampier) have jetties beyond 1 km and the boundary for the 

“anchored or berthed” test has been appropriately extended beyond 1 km locally. Some berths are 

located on islands rather than the mainland, so a number of islands are included in the “anchored or 

berthed” test. 

2.2.3. Fuels 

Two main fuel types are used. These are Residual Oil (RO) and Marine Distillate (MD). RO is assigned 

sulphur content of 2.7% by mass. The sulphur content of RO used in ships globally is typically in the 

range 2.0%–3.5% with a global average around 2.6% on a mass basis (IMO, 2011b). In some markets 

in the Middle East and Asia, RO of significantly higher sulphur content dominates (Lucas, 2011). 

Many of the ships visiting Australia will purchase fuel from these markets, and RO sold in Australia 
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tends to be of higher sulphur content than the global average, so the average fuel sulphur content in 

Australia is likely to be higher than the global average. Sulphur content of MD can be between 0.1% 

and 1.5%. A local survey has shown average sulphur content of 0.5% for MD. Ships using MD will 

most likely carry it into Australian waters. In Australia, MD is not generally available as a distinct fuel 

type, and ships purchasing MD will generally be supplied Ultra Low Sulphur Diesel (ULSD). Sulphur 

content of ULSD is 0.001%. In the present model, MD is assigned sulphur content of 0.5% by mass. 

RO and MD are assigned 87% carbon by mass. ULSD is assigned 86% carbon by mass. ULSD is 

assigned to small vessels with 4 stroke engines and main engine power less than 2000 kW. This is 

because small vessels will tend to be operating locally only and the marine distillate supplied in 

Australia is essentially ULSD. The contribution of these small vessels to total emissions is minimal. 

2.2.4. Emissions and fuel consumption calculations 

Emissions and fuel consumption are calculated for each edge by Equations (2.5) and (2.6). The 

operating mode for each edge is that of the first position report for that edge. 

 𝐸𝑖,𝑗,𝑘,𝑙 = 𝑃𝑗 × 𝐿𝐹𝑗,𝑙 × 𝐴𝑗,𝑘,𝑙 × 𝐸𝐹𝑖,𝑗,𝑘/1000 (2.5) 

 𝐹𝑗,𝑘,𝑙 = 𝑃𝑗 × 𝐿𝐹𝑗,𝑙 × 𝐴𝑗,𝑘,𝑙 × BSFC𝑗,𝑘/1000 (2.6) 

where: 

• 𝐸𝑖,𝑗,𝑘,𝑙 = Emissions of substance 𝑖, from engine type 𝑗, using fuel type 𝑘 during operating mode 

𝑙 (kg). 

• 𝐹𝑗,𝑘,𝑙 = Fuel consumption from engine type 𝑗, using fuel type 𝑘 during operating mode 𝑙 (kg). 

• 𝑃𝑗 = Installed power for engine type 𝑗 (kW). 

• 𝐿𝐹𝑗,𝑙 = Fractional load factor for engine type 𝑗 during operating mode 𝑙. 

• 𝐴𝑗,𝑘,𝑙 = Operating time for engine type 𝑗, using fuel type 𝑘 during operating mode 𝑙 (h). 

• 𝐸𝐹𝑖,𝑗,𝑘 = Emissions factor for substance 𝑖, from engine type 𝑗 using fuel type 𝑘 (g/kWh). 

• BSFC𝑗,𝑘 = Brake Specific Fuel Consumption for engine type 𝑗 using fuel type 𝑘 (g/kWh). 

• 𝑖 = Substance. 

• 𝑗 = Engine type (either main engine – slow speed, main engine – medium speed, main engine – 

gas turbine, main engine – steam turbine, auxiliary engine – medium speed, auxiliary engine – 

high speed or auxiliary boiler). 

• 𝑘 = Fuel type (either RO or MD). 

• 𝑙 = Mode of operation (either transit, low-load/manoeuvring, berthed, or anchored). 

Emissions factors are shown in the Appendix, Table 2.7 (Cooper, 2001; Cooper, 2002; Whall et al., 

2002; Cooper, 2005; IMO, 2008; PoLA, 2012). Fuel consumption is calculated using Equation (2.6). 

For main engines operating below 20% load, reduced engine efficiency and increased emissions 

factors are accounted for by applying published adjustment factors as a function of load, as 

described in the Appendix. For auxiliary engines no low-load adjustment is made because a number 

of auxiliary engines are installed and individual engines are run or shut down as total auxiliary power 

demand changes, with the aim of avoiding operation of any engine at low loads. 
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For main engines, the load factor is a function of vessel speed and is given by Equation (2.2). We 

have applied the cubic formula to all vessels, even though it will not necessarily accurately give the 

load factor for individual engines in a multi-engine setup. This will only be of importance where the 

load factor of an individual engine drops below 20% and thus the emissions and fuel consumption 

factors are adjusted. Above 20% load, the cubic relationship will give the total main engine power, 

fuel consumption and emissions as accurately for a multi-engine setup as for single engine 

configurations. The fleet in the present case study is dominated by SSD (78% of vessels that visited in 

the inventory period). SSD are almost exclusively single engine setups. Jalkanen et al. (2012) describe 

a methodology that would give more accurate prediction of individual engine loads in multi-engine 

setups. 

For auxiliary engines, the Seaweb data (Lloyd's, 2012) do not give a complete coverage of auxiliary 

engine installed power. Even if they did, there is the further problem of identifying the actual power 

usage of the auxiliary engines in the various operating modes. Thus, default tables are used, listing 

the ratio of installed auxiliary engine power to installed main engine power, and the overall load 

factor for the auxiliary engines in the various operating modes. These default tables are taken from 

US-EPA (2009a) with some modification based on local experience. The values used are listed in 

Table 2.8. The Seaweb data do not give installed auxiliary boiler power and there is the problem of 

identifying actual auxiliary boiler power usage in the various operating modes. Thus, default values 

are used as listed in Table 2.9. The actual boiler power usage is given directly by ship type and 

operating mode and applied as such in Equation (2.5) instead of the product of installed power and 

load factor. 

Shaft generators are not taken into account directly because these details were not available in the 

Seaweb data. However, the auxiliary power generation tables give values of auxiliary power 

generation requirements. If these requirements are met by shaft generators then the fuel 

consumption will be lower because the main engines are more efficient. However, using the 

efficiency and emissions results obtained by assuming auxiliary generators are producing the 

equivalent power will give a reasonable approximation. 

A small number of vessels in the present study (1%) employ diesel/electric propulsion. For simplicity, 

it is assumed that 70% of the total main engine power is available for propulsion, and 30% is 

available for auxiliary power generation, which is consistent with the auxiliary engine power ratio 

used for Passenger vessels (see Table 2.8). In addition, main engine emission factors were used for 

auxiliary engine emissions for these vessels. 

Fuel consumption and emissions from dredges and tugs will be underestimated by the present 

methodology because their power usage is not a simple function of vessel speed. Both vessel types 

can be operating at high total engine power while nearly stationary. It is recommended that for 

accurate estimation of dredge and tug emissions, actual fuel consumption figures for a given port 

should be obtained and emissions factors, based on mass of fuel used, applied (see for example 

Goldsworthy and Renilson, 2013). 
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2.2.5. Aggregation of emissions over regions and rasterisation 

When aggregating emissions over regions, the aggregation is the weighted sum of emissions for 

edges that intersect the region. Where an edge lies partially within a region, the weighting is 

according to the proportion of the edge length that lies within the region. 

The emissions data for the whole study region have been rasterised to a grid of spacing 0.02 degrees 

of longitude by 0.02 degrees of latitude (approximately 2 km × 2 km). Given the fine spatial 

resolution of the AIS movement data, it is possible to use a much finer resolution, down to around 

50 m, but for the purposes of illustration the 2 km × 2 km resolution gives clearer definition of the 

actual mass of fuel or emission in a particular area. 

The rasterisation method assigns each edge a collection of grid cells. At 2 km × 2 km resolution, most 

normal track edges will lie within one grid cell, given that the maximum distance travelled between 

normal position reports is around 140 m. However, long interpolated and extrapolated track edges 

may cross many grid cells, for example across the Great Australian Bight. Where individual track 

edges extend over more than one grid cell, the emissions for each edge are distributed equally over 

each grid cell: 

 𝑤 = 1/𝑁𝑔 (2.7) 

where: 

• 𝑤 is the proportion of the emissions for the whole edge that are assigned to each grid cell, 

• 𝑁𝑔 is the number of grid cells assigned to an edge, 

 𝑁𝑔 ≤ 𝑁𝑥 + 𝑁𝑦 + 1, (2.8) 

• 𝑁𝑥  is the number of grid 𝑥-boundary crossings for the edge, 

• 𝑁𝑦 is the number of grid 𝑦-boundary crossings for the edge. 

2.2.6. Significance of estimated emissions 

The estimated emissions for shipping are compared with emissions data for other sources obtained 

from the National Pollutant Inventory (NPI) and the National Greenhouse Gas Inventory (NGGI). For 

comparison with the NPI data, the NPI estimates for shipping were first subtracted. Ship emissions 

estimates from the present modelling are shown as a percentage of the revised NPI totals. This gives 

an indication of the relative importance of ship emissions to nearby land regions. While fine particle 

emissions (PM2.5) from ships are known to be relatively high due to use of high sulphur fuels, the 

NPI data on non-ship PM2.5 are incomplete so it is not possible to properly assess the relative 

contribution of shipping. Other NPI data may be incomplete or out of date. 

2.3. Results and discussion 

2.3.1. Australian region 

For the whole Australian region within the bounds 5°South to 45°South, 105°East to 160°East, total 

estimated emissions from ships for 2010/11 are 336 × 103, 230 × 103, 30 × 103 tonnes of NOx, SO2 
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and PM10 respectively, which are equivalent to 24%, 17% and 2.4% respectively of the national non-

ship totals as given in the NPI database. The estimated greenhouse gas emissions from ships over 

the region are 14.5 million tonnes of CO2e. This is equivalent to 2.7% of the national total for 

2010/11 from energy, industrial processes, waste and agriculture, excluding land use, land use 

change and forestry as given in the NGGI. The estimated ship greenhouse gas emissions are 

equivalent to 17% of greenhouse gas emissions from transport in Australia over the inventory period 

as given in the NGGI. The spatial distribution of ship SO2 emissions is represented in Figure 2.3. The 

south east coast of Australia, from Brisbane to Melbourne, has the most concentrated ship activity 

and thus emissions. The adjacent land area holds most of the Australian population. 

 

 

Figure 2.3: Spatial distribution of ship SO2 emissions for the Australian Region for 2010/11. The region extends from 
5°South to 45°South, 105°East to 160°East. For this illustration, the emissions are summed over grid cells of 0.02° × 0.02° 
resolution (approx. 2 km × 2 km). Population centres are shown in red. 

 

Estimated fuel consumption and emissions by operating mode for the whole Australian region are 

given in Table 2.3. The estimates for the whole region from the present modelling are less than 

those for the same region extracted from a recognised global ship emissions inventory by Wang et 

al. (2008). For NOx, SO2 and PM10 over the whole study region, the present estimates are 55%, 65% 

and 70% respectively of the estimates for the same region extracted from Wang et al. (2008) for 

2000/01. Given that the present modelling has captured 93% of ship visits for the major ports, that 
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numbers of ship visits have increased by 37% and total cargo throughput has increased by 77% 

between 2000/01 and 2010/11 (BITRE, 2013), it is possible that the global inventory of Wang et al. 

(2008) was an over estimate. One mitigating factor could be that ship fuel efficiency has improved 

due to implementation of more efficient engines and the trend to reduced vessel speeds, especially 

for container vessels due to increased fuel costs and over capacity. 

 

Table 2.3: Estimated total fuel consumption and emissions (tonnes) from ships for the whole study region for 2010/11, 
by operating mode. The totals are compared with the totals from the NPI and the NGI, and the totals from the study of 
Wang et al. (2008) for the same region. 

Category Fuel NOx SO2 PM10 PM2.5 VOC CO PAH CO2e 

At Anchor 295,831 12,579 14,447 1621 1492 405 1109 5 959,406 

At Berth 237,572 9319 11,703 1286 1183 296 811 4 771,147 

Low-load/Manoeuvring 362,298 21,571 17,285 2300 2116 471 1626 6 1,172,351 

Transit 3,573,947 292,216 186,189 25,130 23,120 5,251 10,358 78 11,578,839 

Total of above 4,469,647 335,686 229,624 30,337 27,910 6,423 13,904 93 14,481,742 

Percentage of national 
non-ship emissions 
(NPI and NGGI) 

 24% 17% 2.4% 91% 0.20% 0.30% 8.0% 2.7% 

Wang et al whole 
region 

 610,786 350,963 43,499     23,992,401 

 

Fuel consumption by broad ship type is shown in Figure 2.4. Fuel consumption and thus emissions by 

ship type and size, ranked in descending order of estimated fuel consumption, for the whole study 

region in 2010/11, are: large Bulk Carriers; medium sized Container vessels; smaller Bulk Carriers; 

Products/Gas/Chemical Tankers; medium to large Oil Tankers; General Cargo vessels; Vehicles 

Carriers; Offshore Support Vessels; small Container vessels; Passenger/Ro-Ro vessels; Cruise Ships; 

Ro-Ro Cargo vessels; Other Passenger vessels; Refrigerated Cargo vessels (Reefers); very large 

Container vessels then very large Oil Tankers. (Offshore Support Vessels are a subset of the 

Miscellaneous category in Figure 2.4, while Passenger/Ro-Ro vessels, Cruise Ships and Other 

Passenger vessels are subsets of the Passenger category in Figure 2.4.) 

 



32 

 

 

Figure 2.4: Ship fuel consumption totals by broad ship type in tonnes per annum for 2010/11, for the whole Australian 
region. 

 

The whole study region covers a large area and it is unlikely that the ship emissions from areas far 

from the coast will contribute to pollution in populated areas. Thus, emissions are also summed over 

regions closer to the coast. 

2.3.2. The region out to 200 km from the coast 

To broadly illustrate the amount of emissions in close proximity to the Australian coast, ship 

emissions are summed over the region within 200 km of the Australian coast, extended in the Great 

Australian Bight to include the major shipping lanes. This region includes most of the coastal and in-

port shipping activity while excluding much of the more remote international going activity. For this 

region, the present modelling estimates 193 × 103, 136 × 103 and 18 × 103 tonnes of NOx, SO2 and 

PM10 respectively from ships, which are equivalent to 14%, 10% and 1.4% respectively of the 

national non-ship totals as given in the NPI database. Emissions estimates from the present 

modelling are 62%, 76% and 81% respectively of the NOx, SO2 and PM10 values for the same region 

extracted from the data of the global study of Wang et al. (2008). 

 



33 

 

 

Figure 2.5: Ship fuel consumption by operating mode for 2010/11, for the 200 km region. 

 

For this 200 km region, estimated fuel consumption for vessels in transit represents 72% of total ship 

fuel consumption, and similarly for emissions. Low-load/manoeuvring, anchorage and berth fuel 

consumption represent 10%, 9% and 9% of total ship fuel consumption respectively, and similarly for 

emissions, as illustrated in Figure 2.5. For NOx emissions, the transit mode becomes more dominant 

at 80% of total ship NOx emissions for the region. During the transit mode ship engines are 

operating at high power for long periods of time while moving around the coast or between 

Australia and international ports. The low-load/manoeuvring mode includes all activity where the 

ship is underway using its main engines but at less than 20% of maximum main engine power. This 

occurs mainly while ships are moving into and out of ports and anchorage areas. Emissions at berth 

are from auxiliary engines used to generate ship electricity and boilers used for heating purposes. 

For the 200 km region 70% the fuel is consumed in main engines, while auxiliary engines and boilers 

account for 24% and 6% respectively. 

2.3.3. Within a 300 km radius of capital cities 

Emissions from ship activity on the coast in the vicinity of major population areas could potentially 

be advected over the population areas and contribute to local pollutant loads. Estimations of ship 

emissions from regions within a 300 km radius of the population centroids of the five major capital 

cities (Brisbane, Sydney, Melbourne, Adelaide and Perth), and comparison with NPI data on 

emissions from other sources, suggest that a non-negligible percentage of air pollution in urban 

areas may come from shipping activity, depending on the way in which the ship emissions disperse 

in the atmosphere. The reliability of the comparisons depends on the reliability of the NPI data. 

Estimated emissions of NOx from ships in these 300 km zones range from 6% to 16% of the non-ship 

NPI totals for the relevant State. Relative to the non-ship emissions in the airsheds contained within 

the 300 km zones, the levels of emissions from shipping are in some cases quite significant. For 

instance, the estimated emissions of NOx and SO2 from ships for the 300 km Brisbane zone are 

equivalent to 24% and 100% respectively of the total from all non-ship sources in the South East 

Queensland airshed as given in the NPI. While the 300 km regions extend further than the airshed 
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boundaries, it is notable that such relatively large sources of SO2 and NOx exist within 300 km of the 

population centroids. On a national basis, the estimated ship emissions of NOx, SO2 and PM10 

totalled over the five major capital city regions are equivalent to 5%, 4% and 0.6% respectively of 

non-ship emissions for the whole of Australian as given in the NPI database. 

2.3.4. Port emissions 

Estimated emissions from ships in port waters totalled over the top 34 ports, which cover 99% of 

total port throughput by mass for the inventory year, are 22 × 103, 21 × 103 and 2.5 × 103 tonnes of 

NOx, SO2 and PM10 respectively. These are equivalent to 1.6%, 1.6% and 0.2% respectively of the 

national non-ship totals as quantified in the NPI. Estimated ship emissions at berth totalled overall 

ports are around 50% of the port ship totals. Of all the ports, Melbourne has the highest ship fuel 

consumption and thus emissions, followed in order by Dampier, Brisbane, Hay Point, Fremantle, Port 

Hedland, Port Botany, Gladstone, Newcastle, Port Jackson, etc. The Port Jackson totals include the 

Sydney Harbour ferries. Emissions totals for 34 ports are given in Table 2.4. NOx emissions by port 

are illustrated in Figure 2.6 for the top 10 ports. 
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Table 2.4: Estimated total fuel consumption and emissions (tonnes) from ships for 2010/11 for all ports with total 
throughput in 2010/11 greater than 2 million tonnes, in descending order of fuel consumption and emissions. The fuel 
consumption and emissions are the totals within the port boundaries. 

Port Fuel NOx SO2 PM10 PM2.5 VOC CO PAH CO2e 
Total 

berthed 
visits 

Melbourne  76,383 4375 3940 478 440 99 277 1.45 247,618 3065 

Dampier 62,287 3131 2869 343 315 87 262 1.09 201,753 3821 

Brisbane 60,752 3140 3045 362 333 75 192 1.11 197,155 2271 

Hay Point  40,352 1896 2113 245 225 60 164 0.74 130,725 841 

Fremantle 38,135 1597 1798 204 187 46 127 0.64 123,790 1633 

Port Hedland 24,215 1246 1088 131 121 36 103 0.43 78,397 1357 

Botany 19,535 698 1022 112 103 23 62 0.34 63,454 1345 

Gladstone 15,127 801 709 85 78 21 58 0.27 49,021 1243 

Port Jackson 12,831 585 403 47 44 13 50 0.19 41,465 278 

Newcastle 12,499 588 555 65 60 17 52 0.21 40,492 1703 

Geelong 9366 300 461 49 45 9 23 0.15 30,482 542 

Port Kembla 8812 401 442 51 47 12 34 0.16 28,565 961 

Port Walcott 8020 400 411 49 45 12 36 0.15 25,954 495 

Adelaide 7877 339 375 43 39 10 28 0.13 25,560 1013 

Darwin 6085 287 234 28 25 8 25 0.10 19,716 817 

Devonport 5632 314 293 34 32 8 24 0.10 18,242 605 

Bunbury 3440 149 158 18 17 5 13 0.06 11,156 389 

Townsville  3266 144 144 17 15 4 12 0.05 10,595 492 

Weipa 3147 164 149 18 16 4 13 0.06 10,198 406 

Mackay 2373 101 107 12 11 3 9 0.04 7698 166 

Geraldton 2371 109 107 12 11 3 9 0.04 7688 327 

Abbot Point 2059 105 95 11 10 3 9 0.04 6671 177 

Burnie 1808 97 91 11 10 3 8 0.03 5855 329 

Portland 1792 78 76 9 8 2 7 0.03 5815 261 

Launceston 1645 77 72 8 8 2 6 0.03 5334 215 

Hastings 1620 75 75 9 8 2 6 0.03 5258 129 

Albany 1158 55 54 6 6 2 5 0.02 3754 107 

Port Lincoln 1151 51 58 6 6 2 4 0.02 3734 114 

Hobart 871 44 37 4 4 1 4 0.01 2821 51 

Thevenard 703 33 32 4 3 1 3 0.01 2282 123 

Broome 539 26 23 3 3 1 2 0.01 1744 193 

Cape Flattery 506 28 26 3 3 1 2 0.01 1638 40 

Esperance 445 18 22 2 2 1 2 0.01 1445 32 

Port Alma 413 17 14 2 1 0 1 0.01 1341 75 

Total all ports 437,215 21,468 21,099 2480 2282 573 1629 8 1,417,418 25,616 

Percentage of 
national 
non-ship emissions 
(NPI and NGGI) 

 1.6% 1.6% 0.2% 7.4% 0.02% 0.03% 0.67% 0.26%  

 

The port boundaries of Melbourne and Brisbane are wide and include significant regions where 

vessels travel at or near normal cruise speed, and thus produce high rates of emissions from their 

main engines. For these ports container vessels comprise a large proportion of the vessel visits. 

Typically container vessels have more powerful engines than vessels such as bulk carriers, and hence 

produce more emissions. Thus, the high number of vessel visits to these ports, the vessel profile, and 

the wide port boundaries lead to relatively high emissions totals. Fremantle and Port Jackson have 

similar such characteristics to Melbourne and Brisbane. Most other ports do not include such 
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significant transit legs within their port boundaries. While Newcastle has a similar number of ship 

visits to Fremantle for example, its emissions totals are much lower as the Newcastle port 

boundaries are close to the berths and the main ship type is slow moving bulk carriers. The port 

boundaries of Hay Point include heavily used anchorage areas, and emissions from ships at anchor 

account for the majority of that port's emissions. The primary anchorage areas for Newcastle and 

Port Kembla are outside the port boundaries. 

 

 

Figure 2.6: Estimated ship NOx emissions in tonnes per annum for 2010/11, for the top 10 ports (ranked by fuel 
consumption). 

 

Also shown in Table 2.4 is the number of ship visits to each port, identified by flagging each 

transition across the port boundaries for each vessel. Each entry counts as a visit if the vessel 

achieves berthed status after entry. This second condition is applied to filter out any vessel 

movements where a vessel may transit through the port boundary without actually berthing. 

For the ports of Melbourne, Brisbane and Fremantle, ship emissions of NOx and PM10 are 

equivalent to around 2%–4% of the NPI non-ship values for the airsheds containing those ports. For 

Brisbane and Fremantle, SO2 emissions are equivalent to around 20% of the NPI non-ship values for 

the airsheds containing those ports. The same comparisons show relatively high PM2.5 emissions 

from ships but the NPI data on non-ship PM2.5 are incomplete. For each of the 4 ports (Newcastle, 

Port Jackson, Port Botany and Port Kembla) in the New South Wales Greater Metropolitan Region 

(NSW GMR), ship emissions are generally equivalent to around 0.2% of the NPI non-ship values for 

the NSW GMR airshed. This is probably due to the large amount of industry in that airshed and also 

potentially due to more thorough accounting for emissions from non-ship sources compared with 

other airsheds. 

Emissions from tugs and dredges are likely to be underestimated by the present methodology 

because the actual engine power in operation will not be a simple function of vessel speed. For 
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these vessels it is recommended that emissions be calculated on the basis of recorded fuel 

consumption, which is readily available for individual ports. 

 

 

Figure 2.7: Total ship SO2 emissions around Melbourne for 2010/11, at 0.02° × 0.02° resolution (approx. 2 km × 2 km). 
The dark red grid cell represents 810 tonnes/annum of SO2, in the vicinity of Swanson Dock, Appleton Dock and South 
Wharf. This grid cell shows the highest emissions and fuel consumption of any grid cell for the whole Australian study 
region. 

 

As an example of emissions mapping, the spatial distribution of SO2 emissions around the Port of 

Melbourne is illustrated in Figure 2.7. 

2.3.5. Great Barrier Reef Marine Park 

The present modelling estimates that in the inventory year 21 × 103 tonnes of SO2 and 29 × 103 

tonnes of NOx were emitted from ships in the Great Barrier Reef Marine Park (GBRMP), including 

ports. A recent global study (Hassellöv et al., 2013) demonstrated the potential for ship emissions of 

SO2 and NOx to significantly increase the acidity levels in the ocean on deposition, especially around 

busy shipping lanes. While the study did not show significant acidification in the Australian region 
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due to ship exhaust emissions, it did emphasise the need to use more highly resolved regional 

models in areas such as the Australian coastline. The present estimates of SO2 and NOx emissions 

from ships in the GBRMP are equivalent to 5% and 9% respectively of the total non-ship emissions of 

these substances in Queensland in the inventory year as given in the NPI. Ship emissions are 

concentrated around ports and shipping lanes. 

2.4. Model evaluation 

Ships operating in a region over time can be considered as a complex system with environmental 

impacts. Numerous processes need to be modelled to obtain the system output. Relevant criteria for 

model evaluation are selected from Robson et al. (2008) and Bennett et al. (2013), these being; how 

well it fulfils the purpose; how well it reproduces an independent data set; is a complex model 

better than a simpler one; does the model help to understand the system; can it be used to make 

predictions about the future; and consideration of more advanced methods. 

2.4.1. Purpose, complexity and predictive ability 

The purpose of the model is to quantify and categorise ship engine exhaust emissions across a wide 

region including extensive coastlines and numerous ports, with the ultimate purpose of assessing 

the environmental impact and the effectiveness of mitigation measures. All ports within the region 

are modelled with a consistent methodology which facilitates comparison of port performance. Fine 

spatial and temporal resolution will allow accurate modelling of the behaviour of the emissions in 

the atmosphere and ultimately their impact on the environment. Categorisation of the emissions by 

ship type, operating mode, machinery type, fuel properties and location allows deeper 

understanding of the sources of the emissions and the economic impact of mitigation options. 

Various parameters in the model such as fuel characteristics and emissions factors can be modified 

within individual geographical regions to simulate emissions control measures. Uncertainties and 

more advanced modelling approaches are discussed in Section 2.4.2.5 and Section 2.2. Modelling 

assumptions and the comparison of the present modelling approach with alternative approaches are 

discussed in Sections 2.1 and 2.2. 

2.4.2. Reproduction of independent data sets 

2.4.2.1. Ship visits 

Vessel identification and tracking of vessel movements are partially validated by comparing 

modelled numbers of ship visits to ports with industrial data. Modelled ship visits to ports for bulk 

carriers, container vessels, tankers, cruise ships and vehicles carriers combined, for all 34 ports 

modelled, are 11% lower than the total from Ports Australia data (PA, 2012), which are compiled 

from the activity records of port authorities. The main deficiencies are for the smaller ports. For the 

top 12 most visited ports, the numbers of ship visits for the major vessel types, extracted from the 

AIS data, are 93% of the total for those ports from the Ports Australia data. For the major ports, 

emissions per visit will generally be higher than for smaller ports because the larger ports 

accommodate larger vessels. The visitation figures indicate that ship activity in these larger ports is 

quite well captured. 
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2.4.2.2. Ship tracks 

Visual inspection of the ship tracks created in the present model by interpolation and extrapolation 

(see Figure 2.3) shows that they correspond well with known vessel routes (see for example Wang et 

al., 2008; AMSA, 2010). Interpolation of terrestrial AIS data around the coastline produces 

reasonable spatial allocation of ship routes where the coastline between AIS stations is concave, 

which is the dominant situation in the present case study. Deviations from known ship routes occur 

where the coast is convex between AIS receiving stations, yielding tracks which come too close or 

slightly overlap the land. This is most apparent between Brisbane and Newcastle on the east coast. 

The long interpolation across the Great Australian Bight works well as demonstrated by visual 

inspection of the resultant ship tracks compared with known routes. For the extrapolations out to 

the edges of the study region, the extrapolated tracks correspond well with known routes. Future 

work could involve artificially steering the interpolated tracks around the land or the use of satellite 

AIS data for the remoter regions. 

2.4.2.3. Local inventories 

The present methodology differs from conventional port inventories primarily in the method of 

quantifying ship activity. Conventional port inventories use port arrival/departure and berthing 

times along with assumed average speeds between these sparse waypoints. Once vessel activity has 

been quantified, the methodology for quantification of machinery activity and emissions in 

conventional inventories is similar to the approach applied in the present methodology. Thus, 

comparisons with conventional port inventories can be seen as a means of validating the present 

method of modelling vessel activity using detailed AIS data. Comparisons of the present results are 

made with an inventory for ports in the Greater Metropolitan Region of the state of New South 

Wales (NSW GMR), as published at NSW-EPA (2012b). This region contains four significant ports. To 

facilitate comparisons, emissions and fuel consumption factors used in the present model are 

aligned with those used in the NSW GMR conventional inventory. The two inventories are for 

different years, but differences in ship visit numbers between the two time periods were minimal. 

The overall totals for both inventories are shown in Table 2.5 and compare favourably. 

 

Table 2.5: Comparison of results of present study with a conventional inventory (NSW-EPA, 2012b) in the NSW GMR for 
the year 2008. 

Category Inventory 
Tonnes per annum for 2010/11 

Fuel NOx SO2 PM10 PM2.5 

Whole NSW GMR 
Present 2010/11 145,588 8245 7186 884 814 

NSW EPA 2008 159,665 9426 7557 923 849 

Within port boundaries in NSW GMR 
Present 2010/11 53,676 2272 2422 275 253 

NSW EPA 2008 68,088 2257 3128 338 311 

Outside port boundaries in NSW GMR 
Present 2010/11 91,912 5973 4764 610 561 

NSW EPA 2008 91,577 7169 4429 585 538 
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Similarly, comparisons between the present results and a conventional inventory for Port of 

Brisbane (Goldsworthy and Renilson, 2013) are favourable when differences in ship visit numbers 

and emissions factors are taken into account. 

2.4.2.4. Measured fuel consumption 

The model applies recognised values of BSFC and emissions factors to modelled engine and boiler 

power to predict fuel consumption and emissions. If fuel consumption is accurately modelled, then it 

is reasonable to assume that engine and boiler power are accurately modelled and thus emissions, 

within the limitations of the accuracy of BSFC and the emissions factors (see Table 2.6). Limited data 

on fuel consumption are available. Two sets of data are used here. The first involves measurements 

made in 2005 (Goldsworthy and Galbally, 2011) on a coastal bulk carrier of 11,754 GT, built in 1993 

and powered by a SSD with rated power 6.4 MW. Main engine fuel consumption and power were 

recorded at frequent time intervals during a voyage involving transit, low load and manoeuvring. The 

measured values are compared with modelled values in Figure 2.8. The modelled values are derived 

from the present model, using a range of ship speeds in the cubic propeller power law (see Equation 

2.2). The comparisons are favourable, with the linear regression line having a slope of 1.04 and a 

coefficient of determination of 0.98. The main deviations between modelled and measured values 

occur during periods of acceleration. The model could be refined to improve this aspect. 

 

 

Figure 2.8: Measured and modelled main engine fuel consumption for a coastal bulk carrier of 11,754 GT, powered by a 
6.4 MW SSD. 

 

The second data set is for a 50,437 GT, 3613 TEU container vessel built in 1990, powered by a 

34.424 MW SSD. Ship owner supplied fuel consumption data are compared with modelled values in 

Figure 2.9 for a total of 417 operating hours in early 2011, during which the vessel travelled from 

Fremantle to Sydney, then returned to Fremantle via Melbourne and Adelaide. In this case, the 

modelled values are based on the ship speed and location obtained from the AIS data for the same 
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time period. The data include time at sea and time in port at the named capital cities. The supplied 

fuel data are totals over various time periods. This comparison validates the movement data as well 

as the fuel consumption predictions. The compared values are considered to be in agreement within 

reasonable allowances for measurement and modelling error, with a tendency to under-predict fuel 

consumption at sea and over-predict in port. Overall for the whole sequence, the modelled fuel 

consumption is 7% less than measured. 

 

 

Figure 2.9: Measured and modelled fuel consumption for a 3613 TEU container vessel visiting and transiting between 
the ports of Fremantle, Sydney, Melbourne and Adelaide. 

 

2.4.2.5. Uncertainties 

Cooper and Gustafsson (2004) estimate uncertainty for ship fuel consumption and emissions factors 

as shown in Table 2.6. 

 

Table 2.6: Estimated 95% confidence ranges for BSFC and emissions factors for ship main engines at sea from Cooper and 
Gustafsson (2004), given as a percentage of the average value. 

BSFC NOx SO2 PM10 PM2.5 HC CO PAH CO2 

±5% to 
±10% 

±10% to 
±20% 

±20% to 
±50% 

>±50% >±50% ±10% to 
±20% 

±10% to 
±20% 

>±50% ±5% to 
±10% 

 

Actual fuel consumption in auxiliary engines and auxiliary boilers are not directly related to ship 

speed and are derived from generalised default tables. The actual fuel sulphur content for any 

individual vessel is not known as there is no single value for any given fuel type. Given the 

uncertainties in emissions factors, actual power for main engines, auxiliary engines and auxiliary 

boilers, and anomalies in the AIS data, an uncertainty as high as ±50% for the estimated emissions of 
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an individual vessel on a visit to a port or region might be realistic, especially for PM and SO2. 

Allowance for error cancelling over a large number of vessels and visits could reduce the overall 

uncertainty for a port or region to ±30% or less. Fuel consumption and CO2 carry the least 

uncertainty. 

The influences of currents, waves, wind, hull/propeller fouling, trim, squat, cargo load, engine 

condition and fuel quality have not been modelled. A vessel whose progress is being retarded by 

wind, waves or currents will be operating with main engine power higher than indicated by Equation 

(2.2). Conversely, ships sailing with favourable winds, waves or currents will use lower main engine 

power. Jalkanen et al. (2009) modelled the effect of waves and concluded that, while the effect for 

individual vessels can be an increase in fuel consumption as high as 10%–20%, the effects of waves 

on emissions estimations over extensive geographical regions is negligible. 

The influence of engine load transients on emissions has not been taken into account, although it 

would be possible to use the closely spaced movement data to calculate accelerations and 

decelerations and then adjust engine load accordingly. This would need detailed analysis of the 

emissions from propulsion engines during such transients. 

The 11% deficiency of modelled ship visits to ports overall compared to industry data is similar to the 

percentage of the movement data unused because the vessels were unidentified, as discussed in 

Section 2.2.2. Given also that the deficiency in ship visits to the major ports is only 7%, it is 

reasonable to assume that the overall estimates of fuel consumption and emissions are around 10% 

deficient. 

Improved outcomes could be achieved with more accurate information, especially on emissions 

factors, the actual power and fuel consumption of main engines, auxiliary boilers and auxiliary 

engines, and fuel sulphur content. It is recommended that extensive surveying be carried out, by 

visiting vessels while berthed and interviewing the chief engineers. 

2.5. Conclusions 

A model has been developed for calculation of ship engine exhaust emissions in extensive coastal 

regions including numerous ports using AIS data to describe ship movements and operating modes. 

It has been established that it is feasible to calculate ship emissions for a wide region such as the 

Australian region at the fine spatial and temporal resolution of the source AIS data. Data gaps and 

anomalies have been effectively dealt with by interpolation, extrapolation and filtering. While 

deficiencies in the movement data may have resulted in a 10% underestimate of fuel consumption 

and emissions, other sources of error lead to a 95% confidence interval as wide as ±30%. Sources of 

error include prediction of main engine fuel consumption, emissions factors for all machinery types 

and fuel consumption of auxiliary engines and boilers. The effects on main engine fuel consumption 

of wind, currents, waves, hull fouling, vessel trim, vessel draught, interactions between hull and sea 

floor in shallow waters, engine condition and fuel quality are difficult to predict and further work is 

needed to improve modelling of these factors. 

The present methodology has allowed the first comprehensive study of ship emissions in Australian 

waters and has effectively produced a detailed inventory for each Australian port, but the data are 
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publicly owned and the methodology is consistent across all ports. The methodology also quantifies 

emissions from ships on coastal and international transits. These represent the greatest proportion 

of ship emissions but are not covered by port/local authority initiated inventories. The high degree 

of spatial and temporal resolution available from the present methodology will facilitate modelling 

of atmospheric dispersion and deposition. 

Emissions are calculated for each individual vessel at frequent intervals. Emissions and fuel 

consumption are classified by ship type, ship size, machinery type and operating mode. Numbers of 

port calls are classified by ship type and ship size. The calculations are made for the majority of 

Australian ports, for regions within 300 km of the major capital cities, for the region nominally within 

200 km of the mainland coast and for the whole study region bounds, 5°South to 45°South, 105°East 

to 160°East. 

The calculated emissions are compared with emissions data for all other sources, obtained from the 

Australian National Pollutant Inventory (NPI) and the National Greenhouse Gas Inventory (NGGI). 

There is a considerable range in the estimated percentage contribution of shipping to airshed and 

regional totals. The reliability of the comparisons depends on the reliability and completeness of the 

NPI data. While fine particle emissions from ships are known to be relatively high due to use of high 

sulphur fuels, the NPI data on PM2.5 are incomplete so it is not possible to properly assess the 

percentage contribution of shipping to total PM2.5. The modelling shows that ship engine exhaust 

emissions in Australian waters potentially make a non-negligible contribution to pollution in 

populated regions and environmentally sensitive sea areas, depending on how atmospheric 

processes transport and deposit those ship emissions and their products. 

Further work may involve the use of satellite AIS data, which has more complete spatial coverage in 

remote areas, but may suffer from signal congestion in busy shipping areas. Future work should also 

involve the acquisition of more data on fuel consumption and emissions factors. 

Countries like Australia have options under the International Maritime Organisation conventions to 

implement more stringent requirements on ship emissions. This includes special Emission Control 

Areas (ECAs), where ships have to run on very low sulphur content fuel (0.1%) from 2015. Ships 

operating in any part of the world will be required to use reduced sulphur content fuel (0.5%) by 

around 2020 (potentially delayed until 2025). However in ECAs the requirements are much more 

stringent and come into play sooner. In ECAs, NOx emissions are also required to be reduced. The 

present methodology will facilitate assessment of whether ship emissions have significant health or 

other environmental impacts and whether introduction of an ECA or other ship emissions control 

measures are justified. 
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2.7. Appendix A. Supplementary data 

2.7.1. Emissions factors 

The factors for NOx, VOC, CO, CH4 and N2O come primarily from Cooper and Gustafsson (2004). 

These factors come from a well verified and moderately traceable database, including Whall et al. 

(2002). The factors for PM10 come from formulae based on fuel type and sulfur content published 

by US-EPA (2009a). The factor includes water associated with the sulphate. PM2.5 is obtained from 

PM10 by applying a factor of 0.92 (US-EPA, 2009a). RO is taken to be 2.7% sulfur by mass, and MD 

0.5%. Emissions factors for CO2 and SO2 are calculated from fuel composition and BSFC. PAH factors 

are the same as those derived by NSW EPA (NSW-EPA, 2012b) from data published in Cooper (2001); 

Cooper (2002); Cooper (2005). For PAH, 4.4 × 103 g/kWh is used where the fuel is RO and 2.5 × 10-3 

g/kWh is used where the fuel is MD. Table 2.7 lists emissions factors and specific fuel consumption 

used in the present study. 
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Table 2.7: Emissions factors and specific fuel consumption used in the study, in g/kWh. 

Machine 
Type 

Fuel 
Type 

Engine 
Type 

BSFC NOx SO2 PM10 PM2.5 VOC CO CO2 CH4 N2O 

MEa RO SSD 195 18.1 10.3 1.42 1.31 0.30 0.50 622 6.0 × 10-3 3.1 × 10-2 

ME RO MSD 215 14.0 11.4 1.43 1.32 0.20 1.10 686 4.0 × 10-3 3.1 × 10-2 

ME RO GT 305 6.1 16.1 1.47 1.35 0.10 0.10 973 2.0 × 10-3 8.0 × 10-2 

ME RO ST 305 2.1 16.1 1.47 1.35 0.10 0.20 973 2.0 × 10-3 8.0 × 10-2 

ME MD SSD 185 17.0 1.81 0.31 0.28 0.30 0.50 590 6.0 × 10-3 3.1 × 10-2 

ME MD MSD 205 13.2 2.00 0.31 0.29 0.20 1.10 654 4.0 × 10-3 3.1 × 10-2 

ME MD HSD 205 12.0 2.00 0.31 0.29 0.20 1.10 654 4.0 × 10-3 3.1 × 10-2 

ME MD GT 300 5.9 2.93 0.35 0.32 0.10 0.10 957 2.0 × 10-3 8.0 × 10-2 

ME MD ST 300 2.0 2.93 0.35 0.32 0.10 0.20 957 2.0 × 10-3 8.0 × 10-2 

AEb RO MSD 227 14.7 12.0 1.44 1.32 0.40 1.10 724 4.0 × 10-3 3.1 × 10-2 

AE MD MSD 217 13.9 2.12 0.32 0.29 0.40 1.10 692 4.0 × 10-3 3.1 × 10-2 

AE MD HSD 217 11.8 2.12 0.32 0.29 0.40 1.10 692 4.0 × 10-3 3.1 × 10-2 

ABc RO  305d 2.1 16.1 1.47 1.35 0.10 0.20 973 2.0 × 10-3 8.0 × 10-2 

a ME Main Engine b AE Auxiliary Engine c AB Auxiliary Boiler 
d BSFC for a steam turbine power plant is typically applied to auxiliary boiler fuel consumption. Published default boiler 
powers are derived by dividing actual fuel consumption (from survey data) by 305 g/kWh. Published boiler emissions factors 
in g/kWh are derived by multiplying emissions factors in g/(kg of fuel) by 305 g/kWh. 

 

There is good agreement on the NOx factors from various sources. There is a spread of values for the 

remaining emissions factors. It is likely that the differences in the PM, HC and CO factors from 

various sources are within the range of uncertainty in the measurements on which they are based.  

For vessels built from 2000 to 2010, and thus complying with “IMO Tier 1” (IMO, 2008), reduced 

factors for NOx emissions from diesel propulsion engines are used as suggested by PoLA (2011) 

(17.0 g/kWh SSD, 13.0 g/kWh MSD). For vessels built after 2010, and thus complying with “IMO 

Tier 2”, reduced factors for NOx emissions from diesel propulsion engines are used as suggested by 

PoLA (2012) (14.4 g/kWh SSD, 10.8 g/kWh MSD).  

Emissions factors are adjusted for loads below 20% using tables from US-EPA (2009a) and PoLA 

(2011). The number of measurements made during low load operation will be much smaller than for 

higher loads so the reliability of the adjusted factors will be lower. The low load adjustment includes 

manoeuvring, which may involve significant swings in engine load and it is difficult to accurately 

measure or model engine load or emissions.  

N2O and CH4 emissions factors are taken from Cooper and Gustafsson (2004). The same factors are 

recommended by US-EPA (2009a) and used by PoLA (2011). 

2.7.2. Auxiliary engine installed power and load factor 

Auxiliary engines are assigned installed power as a fraction of main engine power, by vessel type, as 

shown in Table 2.8. These values were obtained from US-EPA (2009a), except for the cruise ship 

values which were informed by the Port of Brisbane cruise ship survey (Goldsworthy and Renilson, 

2013). For diesel/electric vessels (primarily cruise ships), where the same engines provide propulsive 

power as well as electricity for other uses, the main engine power is taken as 70% of the total 
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installed power and the auxiliary engine power as 30% of total installed power. This gives an 

effective ratio of auxiliary engine installed power to main engine installed power of 0.43. Higher 

auxiliary engine load factors are normally allocated during manoeuvring to allow for the use of 

electrically driven thrusters. In the present study, the manoeuvring load factor for auxiliary engines 

is used during the low-load/manoeuvring operating mode. This may lead to an overestimation of 

auxiliary engine fuel consumption and emissions during periods of operation at the higher end of the 

low load regime while thrusters are not in use. For reference, the 10% to 20% load range accounts 

for only 6.7% of modelled fuel consumption in the study region for auxiliary engines, or 1.3% of total 

modelled fuel consumption in the study region. An additional auxiliary engine is usually started well 

before thrusters are needed. This period of low load operation of an auxiliary engine would be 

subject to higher specific fuel consumption and emissions factors than at full load. 

 

Table 2.8: Default ratio of installed auxiliary engine power to installed main engine power, and auxiliary engine load 
factor. 

Vessel type 
Auxiliary 

power ratio 

Auxiliary load factor 

Transit Manoeuvring Berthed/Anchored 

Bulk Carrier 0.222 0.17 0.45 0.22 

Container Ship 0.210 0.13 0.50 0.18 

Passenger Vessel 0.430 0.32 0.32 0.32 

General Cargo 0.191 0.17 0.45 0.22 

Miscellaneous 0.200 0.17 0.45 0.22 

Reefer 0.406 0.15 0.45 0.32 

Ro-Ro 0.259 0.15 0.45 0.3 

Tanker 0.211 0.24 0.33 0.26 

Vehicles Carrier 0.266 0.15 0.45 0.26 

 

2.7.3. Engine type 

2.7.3.1. Main engines 

OGV main engines are taken as SSD where the Seaweb data indicate they are two stroke, and MSD 

where the Seaweb data indicate they are four stroke. For the smaller vessel types represented under 

the Miscellaneous category, main engines are also taken as SSD where they are two stroke. Four 

stroke main engines of power greater than 2 MW are taken as MSD and are otherwise taken as HSD. 

2.7.3.2. Auxiliary engines 

US-EPA (2009a) state that OGVs use MSD for auxiliary engines with few exceptions. Smaller 

passenger vessels, tugs and fishing vessels tend to use HSD for auxiliary engines. By visual inspection 

of Lloyd’s data on auxiliary engine models for a large number of ships using Australian ports, for 

main engine power 5 MW to 95 MW, auxiliary engines are predominately MSD (720/750/900 rpm). 

Below 5 MW main engine power, auxiliary engines are predominately HSD (1500/1800 rpm). These 
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limits are applied in the present study. The main significance of the distinction is that HSD will not 

operate on RO. 

2.7.4. Auxiliary boiler actual power 

Auxiliary boiler actual power is assigned directly by ship type and operating mode, as shown in Table 

2.9. The values are obtained from US-EPA (2009a) and PoLA (2011). It is assumed that boilers are not 

in use during transit because waste heat boilers will be in use while the main engines are operating 

at transit loads. At low main engine loads, the auxiliary boiler is used because insufficient heating is 

available from the waste heat boiler. The main engine load below which auxiliary boilers are in 

operation is difficult to define. Auxiliary boilers could be operating at main engine loads around 20%. 

PoLA (2012) states that that auxiliary boilers are used during transit when the lower speeds result in 

the cooling of main engine exhausts, making vessel economisers less effective. They assume that 

auxiliary boilers operate when the main engine power load is less than 20%. In the present study the 

manoeuvring default values for boiler power are used during the low-load/manoeuvring operating 

mode. 

 

Table 2.9: Auxiliary boiler actual power (kW) (from US-EPA, 2009a; PoLA, 2011). 

Vessel Type 
AB power (kW) 

Manoeuvring Berthed Anchored 

Bulk Carrier 109 109 109 

Container 506 506 506 

Crude Oil Tanker ≤45,000GTa 371 371 371 

Crude Oil Tanker >45,000GT 371 2500 371 

General Cargo 106 106 106 

Miscellaneous 0 0 0 

Passenger see note b see note b see note b 

Products/Gas/Chemical Tanker 371 371 371 

Reefer 464 464 464 

Ro-Ro Cargo 109 109 109 

Vehicles Carrier 371 371 371 

a In the present study, crude oil tankers of size greater than 45,000 GT are assumed to use steam turbines to pump cargo, 
while smaller tankers use electrically driven hydraulic pumps (Buhaug et al., 2009). 
b In the present study, for passenger vessels, boiler power is assigned by number of passengers at 0.5 kW/passenger, or 
zero if less than 200 passengers. The value of 0.5 kW/passenger is derived from data in PoLA (2011). 
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Chapter 3. 

The mortality effect of ship-related fine particulate matter in the 

Sydney greater metropolitan region of NSW, Australia 

 

This chapter has been published in the journal Environment International. The citation for the 

research article is: 

Broome, R.A., Cope, M.E., Goldsworthy, B., Goldsworthy, L., Emmerson, K., Jegasothy, E., Morgan, 

G.G., 2016. The mortality effect of ship-related fine particulate matter in the Sydney greater 

metropolitan region of NSW, Australia. Environment International 87, 85-93. 
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Abstract 

This study investigates the mortality effect of primary and secondary PM2.5 related to ship exhaust 

in the Sydney greater metropolitan region of Australia. A detailed inventory of ship exhaust 

emissions was used to model a) the 2010/11 concentration of ship-related PM2.5 across the region, 

and b) the reduction in PM2.5 concentration that would occur if ships used distillate fuel with a 0.1% 

sulfur content at berth or within 300 km of Sydney. The annual loss of life attributable to 2010/11 

levels of ship-related PM2.5 and the improvement in survival associated with use of low-sulfur fuel 

were estimated from the modelled concentrations. 

In 2010/11, approximately 1.9% of the region-wide annual average population weighted-mean 

concentration of all natural and human-made PM2.5 was attributable to ship exhaust, and up to 

9.4% at suburbs close to ports. An estimated 220 years of life were lost by people who died in 

2010/11 as a result of ship exhaust-related exposure (95% CIβ: 140–290, where CIβ is the uncertainty 

in the concentration-response coefficient only). Use of 0.1% sulfur fuel at berth would reduce the 

population weighted-mean concentration of PM2.5 related to ship exhaust by 25% and result in a 

gain of 390 life-years over a twenty year period (95% CIβ: 260–520). Use of 0.1% sulfur fuel within 

300 km of Sydney would reduce the concentration by 56% and result in a gain of 920 life-years over 

twenty years (95% CIβ: 600–1200). 

Ship exhaust is an important source of human exposure to PM2.5 in the Sydney greater 

metropolitan region. This assessment supports intervention to reduce ship emissions in the GMR. 

Local strategies to limit the sulfur content of fuel would reduce exposure and will become 

increasingly beneficial as the shipping industry expands. A requirement for use of 0.1% sulfur fuel by 

ships within 300 km of Sydney would provide more than twice the mortality benefit of a 

requirement for ships to use 0.1% sulfur fuel at berth. 

Keywords:  PM2.5; Ships; Mortality; YLL; Sydney; Australia 

3.1. Introduction 

The negative health effects of ambient fine particulate matter air pollution (PM2.5) are well 

established in the epidemiological, clinical and toxicological literature (US-EPA, 2009b; WHO, 2013b). 

Long-term exposure to PM2.5 is associated with mortality from cardiopulmonary disease and 

reduced life-expectancy (Dockery et al., 1993; Pope et al., 2002; Pope et al., 2009). Short-term 

exposure is also associated with mortality and hospitalization with cardiovascular and respiratory 

disease (Bell et al., 2008; Zanobetti and Schwartz, 2009). These effects have been observed at the 

relatively low PM2.5 concentrations measured in Australian cities (Crouse et al., 2012). 

Ships are a source of PM2.5 and other air pollutants. Studies of air monitoring data in various 

countries have estimated that, at locations close to ports, ships are responsible for between 1% and 

15% of ambient PM2.5 (Kim and Hopke, 2008; Agrawal et al., 2009; Viana et al., 2009; Contini et al., 

2011; Pandolfi et al., 2011; Cesari et al., 2014). It was estimated that ship-related PM2.5 was 

responsible for 60,000 cardiopulmonary and lung cancer deaths worldwide in 2002 (Corbett et al., 

2007). 
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Interventions are available that reduce the amount of PM2.5 and its precursors that ships emit. 

These include use of low-sulfur distillate fuels, speed reductions in coastal waters and the provision 

of shore-based power to ships at berth (Afon and Ervin, 2008; Browning et al., 2012). A recent study 

by Contini et al. (2015) provides empirical evidence that use of low-sulfur fuel can reduce ambient 

concentrations of primary PM2.5 concentrations from ship exhaust. A global impact assessment 

estimated that widespread use of 0.5% low-sulfur fuel by ships in coastal regions would prevent 

approximately 33,500 premature deaths annually (Winebrake et al., 2009). An assessment of health 

benefits of introducing an emissions control area in the Marmara Sea and Turkish Straits suggested 

that such an intervention would avoid approximately 15 premature deaths annually in that region, 

which has a population of approximately 20 million (Viana et al., 2015). 

The Sydney greater metropolitan region of Australia (GMR) includes the major port cities of Sydney, 

Newcastle and Wollongong and, in 2011, had a population of approximately 5.4 million. In 2008, ship 

exhaust was the sixth largest source of primary PM2.5 in the region, responsible for an estimated 

2.7% of all anthropogenic emissions (NSW-EPA, 2012a, b). Shipping is a growing industry in the GMR 

and makes an important contribution to the Australian economy. The cruise ship industry has grown 

particularly rapidly in recent years and this growth is expected to continue (CLIA, 2012). Currently, 

ships are subject to limited state and national emissions control regulations, although the New South 

Wales state government (in whose jurisdiction the GMR lies) is considering options to reduce ship-

related PM2.5 and now requires cruise ships to use fuel of sulfur content 0.1% or less while at berth 

from October 2015 (NSW-EPA, 2015). 

This study aims to inform such considerations. It uses a high resolution inventory of ship emissions 

and a chemical transport model (CTM) to estimate the ambient concentration of primary and 

secondary PM2.5 attributable to ship-exhaust emissions (from now on referred to as “ship-related 

PM2.5”) across the GMR. The modelled concentrations are used to estimate the following: 

1. The annual burden of mortality attributable to past and current exposure to all ship-related 

PM2.5. 

2. The potential mortality benefit of two interventions that could reduce emissions of PM2.5 

and its precursors. 

We focus on mortality because past analysis of the benefits of air pollution regulation in the United 

States suggests mortality, particularly that associated with PM2.5, is responsible for about 95% of 

the cost of air pollution (US-EPA, 2011). However, PM2.5 is also associated with other health 

outcomes such as reduced lung function in children (Gauderman et al., 2004), low birth weight 

(Dadvand et al., 2013) and hospitalization with respiratory and cardiovascular illness (Bell et al., 

2008). It should also be noted that ships emit other air pollutants, including sulfur dioxide, nitrogen 

dioxide, volatile organic compounds and ammonia that are associated with adverse health effects in 

their own right (US-EPA, 2008a, b; Sarigiannis, 2011; WHO, 2013b). These additional health effects 

have not been accounted for in this assessment. 
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3.2. Methods 

3.2.1. Overview 

3.2.1.1. Quantification of the annual burden of mortality 

Our primary measure of the burden of disease attributable to past and current exposure to ship 

related PM2.5 is the number of years of life lost (YLL) in the exposed population between July 2010 

and June 2011. YLL are calculated as follows: 

 
YLL =  ∑ 𝐷𝑖 × 𝐸𝑥𝑖

85+

𝑖=0

 (3.1) 

where: 

• 𝐷𝑖 is the attributable number of deaths among the population aged 𝑖 in 2010/11. 

• 𝐸𝑥𝑖  is the period life expectancy of the population aged 𝑖 in 2010/11, assuming there is no 

exposure to ship-related PM2.5. It is calculated from age-specific mortality rates adjusted by the 

relative risk (𝑒−𝛽𝑋 — see below) associated with removal of all ship-related PM2.5. 

𝐷𝑖 is calculated by the following: 

 𝐷𝑖 = ∑ 𝑦𝑖 × (1 − 𝑒−𝛽𝑋𝑖) × 𝑃𝑖 (3.2) 

where: 

• 𝑦𝑖  is the baseline all-cause mortality rate of the health outcome of interest at age 𝑖. 

• 𝛽 is a concentration-response coefficient defining the relationship between exposure to PM2.5 

and mortality (the confidence intervals presented in this report reflect the statistical 

imprecision in estimates of 𝛽). 

• 𝑋𝑖  is the population weighted-mean annual average concentration of ship-related PM2.5 for the 

population aged 𝑖. 

• 𝑃𝑖 is the size of the population aged 𝑖 within the study region. 

The concentration-response function used in this study (𝑒−𝛽𝑋, the relative risk of mortality of those 

unexposed to ship-related PM2.5 compared to those exposed) assumes there is a linear relationship 

between PM2.5 concentration and mortality. 

In addition to YLL, we present the number of deaths attributable to ship-related PM2.5. There are 

caveats to interpretation of this number and a description of these is provided in the Discussion 

section. 

Because the timing of a PM2.5-related death is influenced by a person's exposure for a number of 

years before death, assessment of the annual burden of mortality necessarily assumes exposure to 

ship-related PM2.5 has been constant at 2010/11 levels in the preceding years. 
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3.2.1.2. Quantification of the benefit of reduced emissions 

An intervention that reduces a population's exposure to PM2.5 causes people to live longer and 

therefore increases the size and average age of that population. An effect of this is that the initial fall 

in the number of PM2.5-related deaths is not sustained. This is because, even though each individual 

is less exposed, there are more individuals and those individuals are, on average, older. In fact, it can 

be shown that eventually there will be the same number of PM2.5-related deaths as there were 

before the intervention (COMEAP, 2010). The main long-term effect of an intervention that reduces 

PM2.5 is not, therefore, the avoidance of PM2.5-related death, but the lengthening of life, which is 

observed as an increase in size of the future population. 

We investigate the effect of two low-sulfur fuel interventions using a method developed by Miller 

and Hurley (2003). The method takes into account the demographic change that would occur from a 

reduction in PM2.5 concentration and consequent increase in life expectancy. 

Two tables are created of the future population with dimensions of age and calendar year. For the 

first table, the population size of each age group in each future year is calculated assuming that age-

specific mortality rates remain constant. It is also assumed that the number of births remains 

constant and that there is no inward or outward migration. For the second table, age-specific 

mortality rates are adjusted to account for a reduced PM2.5 concentration using the linear 

concentration response function 𝑒−𝛽𝑋. It is assumed that the reduction in exposure occurs 

instantaneously. The difference in the annual number of deaths in future years and in the size of the 

two populations may be quantified by comparing the two tables. For the reasons discussed above, 

the difference in annual number of deaths (and associated YLL) is difficult to interpret and eventually 

falls to zero. Therefore, we present the results in terms of the additional life-years experienced by 

the less-exposed population over 20 years. 

It is likely that there is some delay (or cessation lag) between a reduction in PM2.5 concentration 

and the associated reduction in risk of mortality, although the structure of this lag is uncertain 

(Walton, 2010). We examine the sensitivity of our estimates to various cessation lag structures using 

a similar approach to the UK Committee on the Medical Effects of Air Pollutants (COMEAP, 2010). 

Our primary estimate assumes a cessation lag structure recommended by the United States 

Environmental Protection Agency (US EPA) (US-EPA, 2011), where 30% of the benefit is gained in the 

first year after the reduction, the next 50% in years two to five and the final 20% in years six to 20. 

Our sensitivity analyses assume no cessation lag, or a linear decrease in relative risk phased in over 

five, 10, 20 and 30 years. 

We do not account for any increases in emissions related to growth in the shipping industry or 

increase in exposure related to population growth within the GMR. 

3.2.2. Exposure assessment 

Annual average PM2.5 concentrations were modelled from four emissions scenarios summarized in 

Table 3.1. Two grids were produced for each scenario. The first was 300 km × 300 km at 3 km 

resolution, centred on Sydney Airport and covering the entire study area. This provided the 

boundary conditions for the second, which was 100 km × 100 km at 1 km resolution, also centred on 
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Sydney airport. Figure 3.1 shows the study region, the three port cities within this region and the 

relationship of the 3 km and 1 km grids. 

 

Table 3.1: Scenarios used for the assessment of ship emissions with the NSW GMR. All scenarios are for the year July 
2010 to June 2011. 

Scenario Description 

Baseline Ships use fuel with a sulfur content of 2.7% 

1 No ships 

2 Ships at berth within the GMR use fuel with a sulfur content of 0.1% 

3 Ships within 300 km of Sydney use fuel with a sulfur content of 0.1% 

 

Estimates of the incremental change in annual average concentration were produced by subtracting 

the modelled grids for each of scenarios 1, 2 and 3 from the baseline grid. The smallest geographic 

level for which age-specific estimated resident populations are routinely available are Statistical Area 

Level 2s (SA2s) (ABS, 2011). The gridded PM2.5 concentrations were extracted to SA2s by averaging 

the grid squares within each SA2. Area-weights were applied to grid squares that crossed SA2 

borders. Age-specific population weighted-mean concentrations for the whole GMR were calculated 

from the SA2-level averages and used for the health impact calculations. 

All health impact calculations are based on the difference in concentration between modelled grids. 

These estimates of difference are relatively robust because they depend mainly on changes to the 

shipping emissions inventory. To provide context to the assessment, we also estimate the 

contribution of ship-related PM2.5 to total ambient PM2.5. This calculation depends on the absolute 

value of the baseline PM2.5 concentration. For the 1 km domain, the annual average baseline 

concentration field derived from the modelled 24 h PM2.5 concentration was bias-corrected 

(Physick et al., 2007) (where necessary) using NSW Office of Environment and Heritage (OEH) 

network observations of PM2.5. 

 



54 

 

 

Figure 3.1: The study region and the extents of the 3 km and 1 km grids. The colours show the modelled 2010/11 annual 
average ship-related PM2.5 concentration. 

 

3.2.2.1. Shipping emissions inventory 

The Australian Maritime Safety Authority provided Automatic Identification System (AIS) data for 

2010/11. These data were used to describe ship movements and operating modes. Each AIS report 

gives the ship identification, time, position, speed, course, heading and navigational status. Ship 

type, ship size, ship age, main engine type and installed engine power are obtained for each vessel 

from a Lloyds database (Lloyd's, 2012). Ship speed and operating mode are used to calculate actual 

engine power and thus emissions, using appropriate emissions factors for the particular ship type, 

ship age, operating mode and machinery type. Actual fuel consumption in auxiliary engines and 

auxiliary boilers are not directly related to ship speed and are derived from generalized default 

tables. Missing AIS data can lead to under-prediction of emissions. The influences of currents, waves, 

wind, hull/propeller fouling, trim, squat, cargo load, engine condition and fuel quality have not been 

modelled. The method allows fine spatial and temporal resolution of emissions. Emissions from 

ships are captured while at berth, while transiting within ports and between ports and while at 

anchorage inside or outside ports. The method, results and limitations are described in Goldsworthy 

and Goldsworthy (2015). 

For the present study, emissions within 300 km of the population centroid of Sydney are calculated 

on a 1 km × 1 km spatial grid at hourly intervals, based on emission totals between consecutive 
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position reports for individual vessels. Annual emissions on a 2 km spatial grid are used outside the 

300 km region. 

3.2.2.2. PM2.5 modelling framework 

The particle modelling system comprised a prognostic meteorological model, the NSW OEH air 

emissions inventory, the shipping inventory and a chemical transport and particle dynamics model. A 

description of the system is given in Cope et al. (2004). 

3.2.2.2.1. Meteorological modelling 

The Australian Commonwealth Science and Industry Research Organisation (CSIRO) conformal-cubic 

atmospheric model was used for the prediction of meteorological fields including wind velocity, 

temperature, and water vapour mixing ratio (including clouds), radiation and turbulence (McGregor 

and Dix, 2008). The meteorological fields drive key components of the emissions and the chemical 

transport model. 

3.2.2.2.2. Chemical transport modelling 

The chemical transport and particle dynamics modelling was undertaken using the CSIRO Chemistry 

Transport Model (CTM) (Cope et al., 2004). The CTM is a three-dimensional Eulerian chemical 

transport model with the capability of modelling the emission, transport, chemical transformation, 

wet and dry deposition of a coupled gas and aerosol phase atmospheric system. The chemical 

transformation of gas-phase species was modelled using an extended version of the Carbon Bond 5 

mechanism (Sarwar et al., 2008) with updated toluene chemistry (Sarwar et al., 2011). The 

mechanism was also extended to include the gas phase precursors for secondary (gas and aqueous 

phase) inorganic and organic aerosols. Secondary inorganic aerosols were assumed to exist in 

thermodynamic equilibrium with gas phase precursors and were modelled using the ISORROPIA-II 

model (Fountoukis and Nenes, 2007). Secondary organic aerosol was modelled using the Volatility 

Basis Set approach (VBS) (Donahue et al., 2006). The VBS configuration is similar to that described in 

Tsimpidi et al. (2010). 

The CTM was coupled to the Global Model of Aerosol Processes (GLOMAP) (Mann et al., 2010), 

which was used to simulate particle nucleation, coagulation, condensational growth, and surface 

deposition. 

The study used four nested modelling domains. Yearly ship emissions data on a grid of 50 km 

covered the whole of Australia. Three inner domains used hourly ship emissions data on grids of 

9 km, 3 km, and 1 km. Base data for emissions other than shipping used the NSW EPA calendar year 

2008 emissions inventory (NSW-EPA, 2012a). 

3.2.3. Concentration-response coefficient 

There have been no Australian studies of the effect of long-term exposure to PM2.5 on mortality. 

Therefore, we have used a 𝛽-coefficient of 0.006 (95% CI: 0.004–0.008) derived from the pooled 

estimate of relative risk (1.062 per 10 μg/m3) from a meta-analysis of 13 European and North 

American cohort studies (Hoek et al., 2013). This coefficient is recommended by the World Health 

Organization Regional Office for Europe (WHO, 2013a). The studies included in the meta-analysis 
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were generally of participants aged over 30 and so, as recommended by the WHO, this assessment 

has been limited to this age group (WHO, 2013a). 

3.2.4. Population size and baseline mortality rates 

Numbers of deaths and estimated resident populations by SA2 and 1 year age group were obtained 

from the NSW Ministry of Health and are based on data provided by the Australian Bureau of 

Statistics. All data were for the financial year July 2010 to June 2011. 

3.3. Results 

The main results of the assessment are summarized in Table 3.2. 

 

Table 3.2: Summary of the main results of the assessments. All results are for the whole study region of 5.4 million 
people and are calculated from estimates of 2010/11 shipping emissions. 

Scenario Ship-related 
PM2.5 
concentrationa 

[μg/m3] 
(% reduction) 

Maximum ship-related 
concentrationb in any 
populated SA2 [μg/m3] 
(% reduction) 

Number (%) living 
in SA2s with a 
ship-related 
concentrationb 

>0.1 μg/m3 

Annual number of 
YLLc (95% CIβ) 

Cumulative 
number of life-
years gained 
over 20 years 
(95% CIβ) 

2010/11 levels of ship-related PM2.5 and the associated mortality burden 

All ships 
(2010/11) 

0.085 (0) 0.54 (0) 1.1 M (20) 220 (140–290) NA 

The air quality and mortality benefit of low-sulfur fuel interventions 

Low-sulfur fuel 
at berth 

0.064 (25) 0.14 (75) 0.13 M (2.4) NA 390 (260–520) 

Low-sulfur fuel 
within 300 km 

0.037 (56) 0.096 (82) 0 (0) NA 920 (600–1200) 

a Population weighted-mean annual average concentration. 
b Annual average concentration. 
c Years of life lost. 

 

AIS data were available for 324 days (89%) of the year. Missing days were excluded from the 

calculation of annual average concentrations. 

The population of the study region in 2010/11 was approximately 5.4 million, the majority in the 

urban centres of Sydney, Newcastle and Wollongong. The average population of SA2s is 16,000 

(range 0 to 35,000). The average area of SA2s is 53 km2 (range 0.86 km2 to 2500 km2). Figure 3.2 

shows the population density around the port areas of Sydney. 

3.3.1. The contribution of ship emissions to total ambient PM2.5 

The mean annual average PM2.5 concentration of the four monitors used for bias correction was 

5.3 μg/m3. The mean annual average PM2.5 concentration of the grid squares at the location of the 

monitors (without bias correction) was 4.4 μg/m3, indicating that the CTM under-predicts the 

absolute PM2.5 concentration. This suggests that the base emissions inventory does not include all 
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sources of PM2.5 within the GMR or that there were differences between predicted and actual 

meteorology. 

 

 

Figure 3.2: Population density around Sydney Harbour (the northern inlet) and Port Botany (the southern inlet) by SA2, 
2010/11 estimated resident populations. The inset shows the whole study region. 

 

Within the region covered by the 1 km grid (where there were sufficient air pollution monitors to 

bias-correct the modelled estimates with measured concentrations), the mean annual average PM 

concentration of all cells in the uncorrected grid was 3.8 μg/m3 and the mean annual average 

concentration of all cells in the corrected grid was 4.1 μg/m3. The median difference between the 

gridded bias-corrected and uncorrected concentrations was 0.32 μg/m3, with a range across all cells 

of –0.17 μg/m3 to 0.58 μg/m3. 

The bias-corrected population weighted-mean annual average PM2.5 concentration within the 1 km 

region was 4.6 μg/m3, with SA2 level concentrations ranging from 2.9 μg/m3 to 7.4 μg/m3. The 

uncorrected population weighted-mean concentration was 5.3% lower at 4.4 μg/m3, with SA2 level 

concentrations ranging from 3.0 μg/m3 to 7.4 μg/m3. If the same level of under prediction is 

assumed across the entire study region, ship emissions contribute approximately 1.9% to the total 

population weighted-mean PM2.5 concentration, with a maximum contribution in any SA2 of 9.4%. 

3.3.2. The distribution of ship-related PM2.5 

The geographic distribution of all 2010/11 ship-related PM2.5 in Sydney and the distribution under 

the two low-sulfur fuel scenarios are shown in Figure 3.3. The population distribution of all 2010/11 

ship-related PM2.5 and the distribution under the two low-sulfur fuel scenarios are shown in Figure 

3.4. 
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Figure 3.3: The geographic distribution of SA2-level annual average ship-related PM2.5 concentration around Sydney. 
The two port areas are Sydney Harbour (the northern inlet) and Port Botany (the southern inlet). Only ship-related 
PM2.5 is shown. 

 

The concentration of ship-related PM2.5 in populated SA2s ranged from 0.038 μg/m3 to 0.54 μg/m3. 

SA2s adjacent to ports have higher ship-related concentrations. The SA2 with the highest ship-

related concentration (0.62 μg/m3) is Port Botany in Sydney, which has no resident population. In 

2010/11, approximately 1.1 million people (20 of the GMR population) resided in SA2s with an 

annual average ship-related PM2.5 concentration of more than 0.1 μg/m3. The annual average 

population weighted-mean concentration of ship-related PM2.5 in 2010/11 was 0.085 μg/m3. 

 

 

Figure 3.4: The size of the population exposed to categories of ship-related PM2.5 under the three scenarios. 

 

Use of low-sulfur fuel at berth would reduce ship-related PM2.5, with a maximum reduction in any 

populated SA2 of 0.41 μg/m3 (75%). Under this scenario, approximately 130,000 people (2.4% of the 

GMR population) would reside in SA2s with an annual average ship-related PM2.5 concentration 
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above 0.1 μg/m3. The overall reduction in the population weighted-mean ship-related PM2.5 

concentration across the GMR is 0.021 μg/m3 (25%). 

The maximum predicted reduction in ship related PM2.5 concentration in any populated SA2 under 

a scenario where ships use low-sulfur fuel within a 300 km radius of Sydney is 0.47 μg/m3 (86%). 

Under this scenario, no one in the GMR would reside in an SA2 with a ship-related PM2.5 

concentration above 0.1 μg/m3. The overall reduction in the population weighted-mean 

concentration of ship-related PM2.5 across the GMR is 0.048 μg/m3 (56%). 

3.3.3. The annual burden of mortality associated with ship-related PM2.5 

We estimate that, between July 2010 and June 2011, 220 YLL were lost as a result of exposure to 

ship-related PM2.5 (95% CIβ: 140–290, where CIβ is the uncertainty in the concentration-response 

coefficient and does not represent the full range of uncertainty). The attributable number of deaths 

in 2010/11 was 17 (95% CIβ: 11–22). The distribution of YLL among all people who died in 2010/11 is 

unknown, but it is likely that ship-related PM2.5 affected the timing of death of a larger number of 

people than the attributable number. 

3.3.4. The mortality benefit of emission reduction strategies 

Use of low-sulfur distillate fuel at berth would, over twenty years, result in a gain of 390 life-years 

(95% CIβ: 260–520), assuming the US EPA recommended cessation lag structure. Table 3.3 provides 

the number of life-years that would be gained under this scenario at various points in the future and 

under alternative cessation lag structures. 

 

Table 3.3: The impact of using low-sulfur distillate fuel within the NSWGMR (cumulative number of life years gained by 
the study population and 95% CIβ

a). Results are presented for four alternative cessation lags (the lag that exists between 
a reduction in exposure and full realization of the health benefits). 

Scenario Cessation lag 
Years post-intervention 

5 10 20 

Low-sulfur fuel 
at berth 

US EPA 19 (13–26) 93 (60–120) 390 (260–520) 

None 44 (29–59) 170 (110–220) 600 (390–800) 

5 years 13 (9–17) 82 (54–110) 390 (250–520) 

10 years 5 (3–7) 26 (17–34) 190 (120–250) 

Low-sulfur fuel 
within 300 km 

US EPA 45 (30–60)  220 (140–290) 920 (600–1200) 

None 100 (68–140) 390 (260–520) 1400 (920–1900) 

5 years 31 (20–41) 190 (130–260) 910 (600–1200) 

10 years 12 (8–16) 60 (39–80) 440 (290–590) 

a CIβ is the confidence interval for the concentration-response coefficient. It does not include other uncertainties associated 
with estimation of pollutant exposures, baseline mortality rates etc. 

 

Use of low-sulfur distillate fuel by all ships within 300 km of the population centroid of Sydney 

would, over twenty years, result in a gain of 920 life-years (95% CIβ: 600–1200). Additional results at 

different time points and with alternative cessation lags are provided in Table 3.3. 
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The temporal distribution of the future mortality benefits of the two options is presented in Figure 

3.5. The lines represent the difference between a population living with current levels of PM2.5 for 

all future years and the same population living under the reduced PM2.5 scenarios. The US EPA 

cessation lag structure is assumed. The figure illustrates the decline in annual number attributable 

deaths as the population grows. This growth is reflected in the rising annual number of life-years. 

 

 

Figure 3.5: The time-course of the benefits of reduced ship emissions (assuming US EPA cessation lag) for the NSW GMR 
population based on 2010/11 PM2.5 concentrations. The shaded areas represent the 95% CIβ (the confidence interval 
for the concentration-response coefficient). It does not include other uncertainties associated with estimation of 
pollutant exposures, baseline mortality rates etc. 

 

3.4. Discussion 

We found that the annual average population weighted-mean concentration of ship-related PM2.5 

in 2010/11 was 0.085 μg/m3, with a large proportion of the GMR population (about 1.1 million 

people or 20% of the population) residing in SA2s with an annual average ship-related PM2.5 

concentration of more than 0.1 μg/m3. Associated with this are an annual 220 YLL (95% CIβ: 140–

290). 

Use of low-sulfur distillate fuel would reduce this impact. A requirement for all ships to use fuel with 

a sulfur content of 0.1% while at berth would reduce the population weighted-mean concentration 

by 25%, reduce the number of people residing in SA2s with a concentration greater than 0.1 μg/m3 
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by 88% and lead to a gain of 390 life-years over twenty years (95% CIβ: 260–520). A requirement for 

all ships to use fuel with a sulfur content of 0.1% within 300 km of the population centroid of Sydney 

would reduce the population weighted-mean concentration by 56%, reduce the number of people 

residing in SA2s with a concentration greater than 0.1 μg/m3 by 100% and lead to a gain of 920 life-

years over twenty years (95% CIβ: 600–1200). In Australia, controls on fuel within ports and 

harbours, such as a requirement for ships to use low-sulfur fuel at berth, could potentially be 

implemented by state governments. Controls on fuel use outside ports would require federal 

government regulation. It is interesting to note that use of low-sulfur fuel within 300 km of Sydney is 

only predicted to reduce the total population weighted-mean concentration of ship-related PM2.5 

by 56%. The remaining 44% could arise from ship emissions outside the 300 km zone and also from 

generation of secondary particles due to ship emissions such as nitrogen oxides and volatile organic 

compounds which are not substantially affected by the use of low-sulfur distillate fuel. Further, black 

carbon emissions might not be substantially reduced by use of distillate fuel. 

Estimates of YLL provide an indication of the total loss of life attributable to ship-related PM2.5 and 

are good measure of the overall public health importance of a risk factor. However, we also calculate 

the annual number of deaths attributable to 2010/11 levels of ship-related PM2.5. This number — 

17 (95% CIβ: 11–22) — reflects the population-wide difference in the number of deaths expected to 

occur in the current population compared to a population with longer life expectancy as a result of 

less exposure to PM2.5. However, little is known of the distribution of risk within the population and 

it should not be assumed that all YLL are limited to those “identified” by the attributable number. 

Given that PM2.5 plays a role in induction and acceleration of chronic cardiopulmonary disease, it is 

likely that ship-related PM2.5 had an impact on the timing of death of many of those who died in 

2010/11, particularly those who died from cardiopulmonary causes (Brunekreef et al., 2007). 

The attributable number of deaths allows comparison with the global assessment conducted by 

(Corbett et al., 2007), which produced an estimate of 90 to 300 premature deaths for Australia 

(Winebrake, 2013). Given that the population of the GMR is roughly a quarter of the total Australian 

population and includes a number of Australia's major ports, our estimate is somewhat lower. There 

are a number of factors that could account for this discrepancy. First, we have used a high resolution 

PM2.5 model and relatively small population units, which improves the accuracy of our exposure 

assessment. Additional analysis of our data shows that, within the region covered by the 1 km grid, 

the attributable number is 13% lower compared to the attributable number estimated using a lower 

resolution 3 km grid. Presumably, this is because the relatively rapid decline in ship-related PM2.5 

concentration with distance from a port or coast is less well characterized by the coarser grid. 

Second, the global assessment used a single mortality rate for each WHO Region. Mortality rates for 

the whole Western Pacific Region are higher than those in NSW. A third explanation is the choice of 

risk function. The global assessment assumed a supra-linear relationship between PM2.5 and 

mortality from cardiopulmonary causes, while we assumed a linear relationship. A supra-linear 

function produces larger estimates of risk at low PM2.5 concentrations, and lower estimates at 

higher concentrations. There is some evidence that a supra-linear function may fit the 

epidemiological data slightly better, particularly for specific causes of death (Krewski et al., 2009; 

Crouse et al., 2012; WHO, 2013b). This is of most importance in a global assessment, where there is 

substantial variation in PM2.5 concentration and a linear function would overestimate risk in 

populations exposed to very high ambient PM2.5 concentrations. Use of a supra-linear function is, 
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however, highly sensitive to the assumed background concentration or counterfactual scenario. The 

approach we have taken is consistent with the recommendations of the WHO's Health Risks of Air 

Pollution in Europe project and is the method used by the US EPA in their 2010 national PM2.5 risk 

assessment (US-EPA, 2010; WHO, 2013a). A fourth explanation is that our ship emissions inventory, 

which aligns well with the NSW EPA inventory (NSW-EPA, 2012b), is approximately 18% lower than 

the inventory used for the global assessment (Wang et al., 2008). 

The confidence intervals presented here reflect the statistical imprecision in the risk coefficient 

derived from epidemiological studies only. While reporting results in this way is consistent with the 

approach taken in previous assessments of benefits of reducing ship emissions (Winebrake et al., 

2009; Viana et al., 2015) it must be emphasised that there are numerous other sources of 

uncertainty in this assessment. 

Sensitivity analyses address uncertainties around the assumed cessation lag. Another important 

source of error in estimates of health risk arises from the imprecision in measurement of exposures 

to PM2.5 in epidemiological studies. There is some evidence that studies with higher quality 

exposure assessment produce larger effect estimates than the one we have used in this study 

(Jerrett et al., 2005). 

Exposure assessment in this study depends on the accuracy of the emissions inventory and of the 

outcomes of the chemical transport model. In regard to the shipping emission inventory, 

inaccuracies in emissions factors, estimation of actual power for main engines, auxiliary engines and 

auxiliary boilers, and anomalies in the AIS data create a level of uncertainty of ±50% for the 

estimated emissions of an individual vessel on a visit to a port or region. As components of the error 

are random, however, some over-estimates will be balanced by other under-estimates and the 

overall uncertainty for a port or region is likely to be equal to or less than ±30%. Further detail on 

model evaluation including uncertainties is provided in Goldsworthy and Goldsworthy (2015). 

Missing AIS data for Sydney and Botany, especially during the last half of 2010, led to 

underestimation of activity. The estimated numbers of visits of 2010/11 cruise ships, tankers and 

container ships were 29%, 17% and 11% less than indicated by Ports Australia data (PA, 2012). For 

Sydney, estimated contributions to PM2.5 emissions from cruise ships, tankers and ferries were 

38%, 37% and 13% respectively of the estimated totals. Correction for the deficiencies in estimated 

emissions was not attempted due to the difficulty involved in reconstructing activity temporally and 

spatially. Ferry activity on Sydney Harbour was also underestimated initially but correction was 

possible from regular ferry schedules. 

Our assessment of the benefits of low-sulfur content fuel assumes that ship-emissions will remain 

constant at 2010/11 levels. However, shipping activity, and thus emissions, have grown since 

2010/11 and are expected to continue to grow over the time period of the health estimates. Cruise 

ship visits to Sydney Harbour increased by 85 from 2010/11 to 2014/15 (PA, 2012; PA-NSW, 2014) 

and the cruise ship terminal was moved to a location closer to residential areas. Ship visits to Sydney 

Harbour and Port Botany increased by 24% between 2010/11 and 2012/13 (BITRE, 2014). Ship visits 

to Newcastle also increased by 24 between 2010/11 and 2012/13 (BITRE, 2014). Port Botany 

container trade growth is expected to be 6% to 7% per annum over the next five years (Transport for 
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NSW, 2013; NSW-Ports, 2014). Crude oil tankers no longer visit Sydney Harbour or Port Botany but 

fuel imports have increased to maintain the supply previously provided by local refineries. 

On the other hand, IMO MARPOL Annex VI mandates maximum fuel sulfur content of 0.5% globally 

by 2020 (possibly delayed till 2025). This could result in PM emissions reducing by about 50% (based 

on the US EPA formula for main engine particle emissions when using heavy fuel oil, as a function of 

sulfur fuel content (US-EPA, 2009a). When this reduction in fuel sulfur content occurs, it could 

partially offset the impact of increased shipping activity. 

Taking into account all assumptions and uncertainties, our estimates of the mortality benefit for the 

period until 2020 (or 2025) should be seen as underestimates because they do not account for 

increased shipping activity. In addition to the mortality benefits assessed in this study, reductions in 

ship emissions would reduce the incidence of other PM2.5-related health effects and health effects 

related to exposure to other air pollutants emitted by ships. Our results support control strategies 

that seek to reduce emissions of air pollution from ships within the NSW GMR and throughout 

Australia. 

3.5. Conclusions 

Ship exhaust is an important single source of human exposure to PM2.5 in the Sydney greater 

metropolitan region, especially in neighbourhoods close to ports, and these exposures have an 

impact on public health. Local strategies to limit the sulfur content of fuel would reduce exposure 

and will become increasingly beneficial as the shipping industry expands. Our assessment shows that 

a requirement for ships to use 0.1% sulfur distillate fuel at berth would reduce peak concentrations 

of ship-related PM2.5 by 75% and the average concentration by 25%. A requirement for ships to use 

0.1% sulfur distillate fuel within 300 km of Sydney would reduce peak concentrations by 86% and the 

average concentration by 56%. Use of low-sulfur fuel within 300 km of Sydney would provide more 

than twice the mortality benefit of using low-sulfur fuel at berth only. Exposure to pollutants from 

ship exhaust emissions are associated with other health effects not included in this assessment. 
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Chapter 4. 

Spatial and temporal allocation of ship exhaust emissions in 

Australian coastal waters using AIS data: Analysis and treatment 

of data gaps 

 

This chapter has been published in the journal Atmospheric Environment. The citation for the 

research article is: 

Goldsworthy, B., 2017. Spatial and temporal allocation of ship exhaust emissions in Australian 

coastal waters using AIS data: Analysis and treatment of data gaps. Atmospheric Environment 

163, 77-86. 
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Abstract 

Ship exhaust emissions need to be allocated accurately in both space and time in order to examine 

many of the associated impacts, including on air quality and health. Data on ship activity from the 

Automatic Identification System (AIS) allow ship exhaust emissions to be calculated with fine spatial 

and temporal resolution. However, there are spatial gaps in the coverage afforded by the coastal 

network of ground stations that are used to collect the AIS data. This paper focuses on the problem 

of allocating emissions to the coastal gap regions. Allocating emissions to these regions involves 

generating interpolated ship tracks that both span the gaps and avoid coming too close to land. In 

most cases, a simple shortest path or straight line interpolation produces tracks that do not overlap 

or come too close to land. Where the simple method does not produce acceptable results, vessel 

tracks are steered around land on shortest available paths using a combination of visibility graphs 

and Dijkstra’s algorithm. A geographical cluster analysis is first used to identify the boundary regions 

of the data gaps. The properties of the data gaps are summarised in terms of the length, duration 

and speed of the spanning tracks. The interpolation methods are used to improve the spatial 

distribution of emissions. It is also shown that emissions in the gap regions can contribute 

substantially to the total ship exhaust emissions in close proximity to highly populated areas. 

Keywords:  Ship exhaust emissions; AIS activity data; Extensive coastal regions; Data gaps; Emissions 

mapping; Regional inventory. 

4.1. Introduction 

Exhaust emissions from ships affect the composition of the atmosphere, climate, air quality and 

health. These emissions are produced by a combination of different machinery. While there are 

other configurations, ocean going vessels are primarily propelled by large diesel engines. Smaller 

auxiliary diesel engines are used to generate electricity and boilers are used to generate steam. 

Boilers are operated using waste heat from the exhaust and oil fired auxiliary boilers are used when 

insufficient waste heat is available. The majority of the fuel is burnt completely to form carbon 

dioxide and water. Emissions of carbon monoxide and volatile organic compounds are associated 

with lower levels of incomplete combustion, which also contributes to particle emissions. High 

emissions of nitrogen oxides from marine diesel engines are primarily due to high combustion 

temperatures, the time that these temperatures are sustained and the availability of oxygen 

(Goldsworthy, 2002). Sulfur dioxide emissions are due to the sulfur content of the fuel. Almost all 

fuel used in ocean going vessels in Australia is based on the residue from the crude oil refining 

process. This fuel has a high sulfur content, which increases fine particle emissions and contributes 

to secondary particle formation and growth. Notable substances that can be present in ship exhaust 

also include some hazardous persistent organic pollutants, some of which may be present in 

components of the emitted particulate matter (e.g., Cooper, 2005; Moldanová et al., 2009). 

In order to examine the associated impacts and the potential benefits of control measures, ship 

exhaust emissions first need to be quantified. These impacts can be associated with the activity of 

thousands of vessels over extensive geographical domains and extended time periods. The methods 

that have been used to calculate ship exhaust emissions have been described as either “top-down” 

or “bottom-up” (e.g., Wang et al., 2007; Miola and Ciuffo, 2011). In top-down methods, emission 
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totals are allocated spatially using proxies that describe the location and intensity of ship activity. 

Emission totals have been estimated using fuel sales data or activity based methods. There has been 

debate over the reliability of fuel sales data and activity based methods are sensitive to activity 

profiles, in particular activity times and engine loads (Corbett and Köhler, 2003; Endresen et al., 

2007). The proxies that are used to allocate emissions spatially are also affected by sampling biases 

(e.g., Wang et al., 2008). In bottom-up methods, emissions are resolved spatially and temporally by 

following the activity of individual vessels. In addition to avoiding biases in spatial allocation, 

emission totals can be estimated more accurately based on detailed tracking of the speed and 

location of identified vessels. The speed is used to calculate the main engine load and the speed and 

location can be used to assign operating modes. 

Methodologies for calculating ship exhaust emissions have increasingly made use of data from the 

Automatic Identification System (AIS) to describe ship activity. Carriage of AIS is mandatory under 

the International Convention for the Safety of Life at Sea, for ships of 300 gross tonnage (GT) and 

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

international voyages and all passenger ships regardless of size. The European Union has a limit of 

300 GT for all vessels that visit ports in member states. Smaller vessels may also use AIS on a 

voluntary basis. Vessels transmit reports that include their identity, speed and location at frequent 

intervals of the order of seconds to minutes. Terrestrial AIS data are recorded using ground stations 

at ports and around the coast. The AIS signals can also be collected by specially equipped satellites 

(e.g., Carson-Jackson, 2012). Methodologies for calculating ship exhaust emissions using AIS data 

have been applied in various regions, including those that have large sea areas such as around 

Europe (e.g., Jalkanen et al., 2009; Johansson et al., 2013; Jalkanen et al., 2016), the Arctic (Winther 

et al., 2014), Australian ports and coastal waters (Goldsworthy and Goldsworthy, 2015) and the 

Yangtze River Delta and East China Sea (Fan et al., 2016). 

The VHF radio signals that are transmitted by vessels using AIS have a limited range over the surface 

of the Earth. This range also varies due to factors such as the heights of the transmitting antenna 

and receiving antenna. Detailed tracking of vessels around coastal regions requires a sufficiently high 

density of ground stations. Collection of satellite AIS data in regions remote from ground stations 

relies on the availability of satellites and can also be affected by data collisions due to slot reuse by 

distant vessels within the Time Division Multiple Access system that is used. Studies that calculate 

ship exhaust emissions using AIS data have used linear interpolation between position reports. 

Jalkanen et al. (2009) used linear interpolation of time gaps with a maximum duration of 72 hr to 

obtain vessel positions at 1 sec intervals. Goldsworthy and Goldsworthy (2015) produced gridded 

emissions through rasterisation of the line segments that connect consecutive position reports, 

based on grid-cell boundary crossings. Aulinger et al. (2016) generated gridded emissions through 

linear interpolation of vessel positions to equidistant points that are separated by one-third of a 

grid-cell length. If an interpolated point on a ship track was found to be positioned over land, it was 

replaced with a suitable point on one of several predefined routes. 

Goldsworthy and Goldsworthy (2015) used terrestrial AIS data and found that the spatial distribution 

of ship exhaust emissions in the Australian region corresponded well with known shipping routes. 

However, deviations from known routes occurred where the coast has a convex shape between AIS 

ground stations, resulting in some vessel tracks that overlap or come too close to land, most notably 
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between Brisbane and Newcastle on the east coast. The terrestrial AIS network in Australia in 2010 is 

documented in AMSA (2010). This paper aims to improve the methods that are used for the analysis 

and treatment of gaps in the AIS data, including through the use of interpolation methods that steer 

vessel tracks around obstacles, and to demonstrate the effect of these improvements on the spatial 

distribution of emissions. While the methodology is applied in the Australian region, it could also be 

used in other coastal regions that have similar properties and where interpolation over large 

distances is required. 

4.2. Materials and methods 

4.2.1. Overall 

Ship exhaust emissions are calculated using AIS data for the 2010/11 financial year, which is from 

July 2010 to June 2011. The methodology largely follows Goldsworthy and Goldsworthy (2015), 

including the methods for processing the AIS data, calculating ship exhaust emissions and fuel 

consumption, aggregating emissions over regions and rasterisation. However, these methods have 

been improved and refined in a number of aspects, including through the use of satellite AIS data, in 

addition to terrestrial data, which has also resulted in the identification of additional vessels. A 

different down-sampling method has been used, which has substantially reduced the size of the AIS 

dataset, while still retaining a high level of detail. The method for assigning operating modes has also 

been refined to further reduce reliance on ship officers updating the reported navigation status in a 

timely and accurate manner. The most substantial development of the methodology relates to the 

analysis and treatment of gaps in the AIS data. 

4.2.2. Initial AIS data processing 

The AIS position reports are more closely spaced than is required for calculating ship exhaust 

emissions and fuel consumption. Goldsworthy and Goldsworthy (2015) applied a down-sampling 

method that consists of discarding every second position report for each vessel. This method is 

simple to implement and removes approximately 50% of the reports. In addition, the sampling 

pattern follows the reporting pattern. Other studies have used AIS data down-sampled to specific 

time intervals (e.g., Johansson et al., 2013; Ng et al., 2013). The method used here involves down-

sampling to a specified minimum time-interval between consecutive position reports for each vessel. 

The chosen minimum interval is 30 sec. This method has removed approximately 72% of the position 

reports, while still retaining considerable detail. 

Vessels issue position reports at various time intervals depending on the activity and speed of the 

vessel (e.g., ITU, 2014). The distances travelled in the chosen sampling interval at various speeds are 

shown in Table 4.1, together with the standard number of update intervals between retained 

reports, based on the operation of Class A equipment. In terms of the effect on the final position 

report count, the greatest potential benefit occurs when vessels are transiting at high speed, when 

the down-sampling method retains every fifteenth report at the nominal reporting interval. A 

greater proportion of reports are retained at lower speeds. The 30 sec sampling interval is the 

smallest interval that is uniformly divisible by all reporting intervals when vessels are not berthed or 
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at anchor. Consequently, the distance between consecutive sampled reports increases 

monotonically with increasing speed, but is still quite small at high speeds. 

 

Table 4.1: Properties of AIS data (Class A) associated with down-sampling to 30 sec. 

Speed (kn) 
Nominal reporting 
interval (s) 

Distance in sampling 
interval (m) 

Update intervals  

5 10 77.2 3 

13.9 10 214.5 3 

14.1 6 217.6 5 

23 6 355.0 5 

23.1 2 356.5 15 

30 2 463.0 15 

 

The down-sampling method is applied after first merging the terrestrial and satellite data. The steps 

that are taken to process the satellite data, prior to merging with the terrestrial data, are 

summarised in Table 4.2. The satellite data are for a period starting on 2010-11-16. There is a 

227 day overlap with the terrestrial data and a proportion of the satellite reports are outside the 

study period (2010/11). The terrestrial and satellite reports are merged by including satellite reports 

that are not already present in the terrestrial data. Each report is identified by a unique combination 

of Maritime Mobile Service Identity (MMSI) and timestamp. 

 

Table 4.2: Satellite position reports prior to merging with the terrestrial data. 

Total 54,950,152 

Outside study period –59,562 

Terrestrial position report –29,745,213 

Sub-total 25,145,377 

 

The subsequent steps that are taken to process the position reports are summarised in Table 4.3. 

The terrestrial and satellite data are first merged and then down-sampled. The down-sampling 

procedure is only applied to retain reports for vessels that entered the study region at some time 

during 2010/11 and removes approximately 72% of these reports. The study region is from 5°S to 

45°S latitude and 105°E to 160°E longitude. Within this region, most coastal and in-port activity is 

within 200 km of the coast, except across the Great Australian Bight where the shipping routes 

extend further offshore (Goldsworthy and Goldsworthy, 2015). A proportion of the remaining 

position reports are outside the study region. Overall, most of the satellite reports were either 

outside the study period, already present in the terrestrial data, removed as a result of down-

sampling, or were outside the study region. An additional 668 vessels with relevant propulsion were 

identified as a result of including the satellite data, bringing the total to 7839. 
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Table 4.3: Position report processing, prior to further processing of the track edges. 

 Terrestrial Satellite Total 

Total 949,623,708 25,145,377 974,769,085 

Vessels do not enter region –660,346 –19,309,949 –19,970,295 

Down-sampling –689,300,571 –2,423,623 –691,724,194 

Outside region –292,562 –2,588,556 –2,881,118 

Sub-total 259,370,229 823,249 260,193,478 

 

The subsequent steps that are taken to process the AIS data are applied to the track edges and the 

effect on the position reports is secondary. Track edges represent the intervals between consecutive 

position reports and are used in calculating ship exhaust emissions. Goldsworthy and Goldsworthy 

(2015) describe the speed based check that is used to identify anomalies, the method that is used to 

generate replacement track edges for sequences of edges with speed anomalies, and the method 

that is used to convert sequences of zero-length edges into single edges. The effect on the track 

edge counts of applying these methods is very similar in proportional terms. 

4.2.3. Operating modes 

The activity of each vessel is divided into specific operating modes, which are used to assign 

machinery power defaults when calculating emissions. The method for assigning operating modes 

largely follows Goldsworthy and Goldsworthy (2015), but includes some modifications to further 

reduce reliance on the reported navigation status, which is not necessarily updated by ship officers 

in a timely and accurate manner. 

For calculating emissions, operating modes are specified as either “ignored”, “at anchor”, “berthed”, 

“transit”, or “low-load/manoeuvring”. Emissions are not calculated for the “ignored” category. 

Operating modes are assigned to track edges based on the properties of their first position report. 

The speed that is used is the average speed derived from the length and duration of each edge. 

Operating modes are assigned using the following ordered procedure: 

1. For track edges with a speed less than or equal to 1 kn, “at anchor”, “berthed”, “not under 

command” and “aground” are assigned as reported in the navigation status. The latter two 

modes are allocated to the “ignored” category. 

2. Any remaining edges with a speed less than or equal to 1 kn are assigned as “berthed” if 

they are within 1 km of the coast, allowing for harbours and estuaries. 

3. Any remaining edges with a speed less than or equal to 1 kn are assigned as “at anchor”. 

4. Any remaining edges are assigned as “transit”. 

5. “Transit” edges with a main engine load less than 20% are re-assigned as “low-

load/manoeuvring”. 

The primary modification to the procedure is that the first step of the original procedure is not used. 

This discarded step involved assigning “restricted manoeuvrability”, “constrained by draft”, 
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“engaged in fishing” and “underway sailing” as reported in the navigation status. The first two of 

these modes were allocated to the “low-load/manoeuvring” category, which is now based entirely 

on re-assigning low-load “transit” edges. This modification will allow a possible future division into 

separate “low-load” and “manoeuvring” categories, potentially based on speed and location as 

suggested by Goldsworthy and Goldsworthy (2015). Track edges previously assigned as “engaged in 

fishing” were allocated to the “ignored” category and represented only 0.003% of the total. Track 

edges previously assigned as “underway sailing” were allocated to the “transit” category and 

represented only 0.6% of the total. 

A small number of edges assigned as “berthed” or “at anchor” have excessive lengths. Additional 

restrictions are therefore imposed to require “berthed” edges to be no longer than 500 m and “at 

anchor” edges to be no longer than 2 km. The length restriction for “berthed” edges is larger than 

the length of the longest ship. The length restriction for “at anchor” edges is similar to the diameter 

of individual anchorages. 

4.2.4. Analysis and treatment of data gaps 

4.2.4.1. Overall 

Data gaps can occur if the AIS signal is lost due to a vessel going out of range while moving around 

the coast, or if a vessel makes an international transit and then returns (Goldsworthy and 

Goldsworthy, 2015). Long time-gaps that occur due to international transits are treated with an 

extrapolation procedure, which is not related to the interpolation methods that are used within 

coastal data gaps. There are also a number of short-term and spatially widespread gaps that affect 

the data for all vessels. Track edges that coincide with the latter type of data gap are excluded from 

the emissions calculation. 

4.2.4.2. Coastal data gaps 

4.2.4.2.1. Overall 

There are a number of coastal regions where the position reports that are transmitted by vessels are 

not being collected by the terrestrial network, due to the absence of ground stations. In order to 

allocate emissions to these gap regions, vessel tracks are routed on paths that both span the gaps 

and avoid coming too close to land. In most cases, a simple shortest path or straight line 

interpolation produces tracks that do not overlap or come too close to land, provided the coast has a 

concave shape in that region (Goldsworthy and Goldsworthy, 2015). Where the simple method does 

not produce acceptable results, vessel tracks are steered around land on shortest available paths 

using a combination of visibility graphs and Dijkstra’s algorithm. The boundary regions of the data 

gaps are first identified using a geographical cluster analysis. 

4.2.4.2.2. Gap regions 

A method has been developed to identify the boundary regions of coastal data gaps, where there is 

limited collection of AIS data. This method is also used to examine the properties of the vessel tracks 

that span the gaps and can be summarised as follows: 
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1. Identify all track edges in a specified region, with duration and speed greater than specified 

levels. The region is chosen to include the gap. The duration is chosen to be less than, but 

close to, the average duration of the gap. The speed restriction is used to limit the inclusion 

of edges for vessels that are not in-transit. 

2. Apply k-means cluster analysis, using two clusters, to the vertex positions of the identified 

edges. The two clusters are associated with the boundaries of the gap. 

3. Identify all edges, regardless of duration and speed, which have one vertex position close to 

the geographic midpoint of each cluster. 

4. Examine the properties of the identified edges. 

The k-means cluster analysis (MacQueen, 1967) is applied to geographical data. The geographic 

midpoint of a cluster is calculated by first converting all positions within the cluster from geodetic 

coordinates to three-dimensional Earth Centred Earth Fixed (ECEF) coordinates. An average ECEF 

position is then obtained by averaging independently along each axis. The resulting average position 

is then used to recover geodetic coordinates. The calculations are based on the WGS-84 ellipsoid, 

which is an oblate spheroid, and account for the fact that the geodetic latitude is not geocentric. 

Distances between the cluster positions and the geographic midpoint are obtained for geodesic 

paths and are great elliptic arc lengths. 

A feature of the analysis is that all included positions are assigned to a cluster. Consequently, the 

region associated with a given cluster can be quite large, and it is desirable to select smaller regions 

around the geographic midpoint that include most of the cluster positions. The results from the 

cluster analysis are summarised by constructing several convex hulls for each cluster. An “outer hull” 

is constructed around all positions in the cluster, and two “inner hulls” are constructed around the 

top 95% and 90% of positions in the cluster that are closest to the geographic midpoint. The inner 

hull polygons from the two clusters are used as boundary regions to examine the properties of the 

tracks that span the gap. Two inner hulls are constructed for each cluster to assist in selecting 

regions that are tightly focused on the boundaries of the gap. The sampled tracks are for track edges 

that have one vertex position in each boundary region. Some of these track edges can be parent 

edges that are replaced with more detailed tracks from the routeing method. 

The sampled tracks that span the data gaps are divided into two groups for vessels travelling in 

opposite directions. The basic properties of the tracks are then examined. The basic properties of an 

edge are that it has a length and duration. These properties are obtained for the sampled tracks. A 

speed for each track is derived from the length and duration. This speed is then averaged over all the 

sampled tracks. The result is different from the ratio of the average length to the average duration. 

The duration is the most reliable parameter, because it is derived directly from the timestamps of 

the position reports. The length and speed calculations are more uncertain because the actual paths 

taken by vessels through the gap regions are unknown. This issue is addressed by also examining 

vessel tracks either side of the gap regions, where there are high AIS data rates so that the actual 

paths taken by vessels are closely followed. 

4.2.4.2.3. Routeing method 

The routeing method uses a “line of closest approach”, which is constructed using the available AIS 

data and the location of land masses including islands. The available AIS data can include satellite 
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data and occasional terrestrial reports that are received from beyond normal range. The line of 

closest approach is used in two related ways. Firstly, the line is used to identify track edges that 

require routeing because they come too close to land. Secondly, the line is used in constructing 

interpolated vessel tracks that are steered around obstacles. The line of closest approach is only 

constructed in relation to the activity of vessels that are transiting at-sea, and it is not necessary with 

regard to this activity to provide access to ports and harbours. However, the interpolation method 

could be used to steer vessel tracks around more complicated obstacles. 

After applying the cluster analysis, all track edges, regardless of duration and speed, which have one 

vertex position in each outer hull polygon are then identified. These edges are also required to have 

both vertex positions on the seaward side of the line of closest approach. A proportion of the 

identified edges do not cross the line of closest approach and are not therefore subject to routeing. 

The remaining edges are routed on paths that avoid crossing the line. 

The routeing method is based on finding the shortest available path between the vertex positions of 

each track edge. In this case, an available path is a path that does not cross the line of closest 

approach. The actual path taken by a given vessel is obviously not known. The shortest available 

path is used because it has the slowest average speed and will therefore tend to have the lowest fuel 

consumption, lowest emissions and least cost. While these properties provide a rational basis for 

selecting the constructed path, it is not necessarily the path that is actually used. 

Lozano-Pérez and Wesley (1979) describe the use of visibility graphs to find shortest paths, based on 

earlier work (Nilsson, 1969). In this case, visibility graphs are constructed using the line of closest 

approach. The shortest available path is then obtained using Dijkstra’s algorithm (Dijkstra, 1959). 

The visibility graph for each track edge that requires routeing contains edges constructed between 

the following vertices: 

a) The track edge vertices and the visible vertices of the line of closest approach. 

b) The vertices of the line of closest approach and the other visible vertices of the same line. 

Vertices are visible from other vertices if they can be reached following a shortest path through the 

region on the seaward side of the line of closest approach, without intersecting the line at any other 

point. The visibility graph for a track edge that requires routeing is shown in Figure 4.1. The edges 

that are constructed using the track edge vertices are shown separately from edges that are 

constructed entirely from the vertices of the line of closest approach. The latter set of edges are 

common to all the constructed graphs, and include the component edges of the line of closest 

approach, as well as edges that provide shorter available paths to other vertices on the line. 

The shortest available path between the track edge vertices is constructed from the edges of the 

visibility graph. Each interpolated track is assigned an average speed based on the duration of the 

parent track edge and the total length of the track. A timestamp for each intermediate vertex is 

obtained from the timestamp of the first vertex, which is known from the associated position report, 

the calculated average speed and accumulated distance from the start of the track. The timestamps 

are used to calculate the duration of each edge in the interpolated track. The timestamps are also 

required for temporal allocation of the edge emissions. 
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Figure 4.1: Visibility graph for a track edge that requires routeing to avoid coming too close to land. The edges (blue) 
that are constructed using the track edge vertices are shown separately from edges (red) that are constructed entirely 
from the vertices of the line of closest approach. 

 

4.2.4.3. Other data gaps 

Short-term and spatially widespread data gaps are identified using hourly position report counts for 

the entire study region. The total identified gap time of 900 hr is spread across four distinct gap 

periods. Track edges that coincide with these gap periods are excluded from the emissions 

calculation. In terms of the effect on the emission estimates for a region such as a port, the 

identified gap time could be used to adjust the annual emissions by multiplying the non-gap totals 

with a small completion factor of approximately 1.11, which is the ratio of the number of the hours 

in the financial year to the number of hours with data. 

Goldsworthy and Goldsworthy (2015) developed a method for extrapolation of vessel tracks, both to 

and from the study region boundary. The method is applied to time gaps greater than seven days, 

which generally represent vessels on international voyages. A forward extrapolation is used from the 

start of the gap, using the average course and speed of the vessel in the preceding hour. A backward 

extrapolation is used from the end of the gap, based on the average course and speed of the vessel 
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in the following hour. A length restriction is used to avoid erroneous extrapolations across the 

region, and a time restriction is used to ensure that vessels remain outside the region for at least 

one day, during which emissions are not calculated. This method has been refined further by 

including an explicit test to ensure that extrapolated edges do not cross the Australian landmass, 

which was found to be feasible given the small number of edges involved. While the extrapolation 

procedure makes a contribution to emissions aggregated over the entire study region, these 

emissions are not important within coastal data gaps. 

4.3. Results 

4.3.1. Cluster analysis and vessel tracks 

Two regions with coastal data gaps are selected for detailed analysis. The first region is between 

Brisbane and Newcastle, where the coast has a convex shape and the simple straight line or shortest 

path interpolation results in some vessel tracks that overlap or come too close to land. The second 

region is along the New South Wales (NSW) south coast, where the coast has a concave shape. The 

results are used to identify track edges that require routeing. The results are then used to examine 

the properties of the vessel tracks that span the coastal data gaps. 

 

Table 4.4: Configuration parameters for two separate cluster analyses applied to different regions. Analysis A is for the 
region between Brisbane and Newcastle, and Analysis B is for the NSW south coast. 

Analysis 
Lower 
Duration (hr) 

Minimum 
Latitude 

Maximum 
Latitude 

Minimum 
Longitude 

Maximum 
Longitude 

A 15 –33.5 –27.0 151.0 155.0 

B 8 –38.0 –34.5 149.5 152.5 

 

The configuration parameters for the two separate cluster analyses are shown in Table 4.4. The 

position reports, which are vertices of the track edges, have a position and a timestamp. Each 

analysis is applied to the vertex positions of track edges that have a speed greater than 5 kn and 

duration greater than the specified amount, where both positions are within the specified region. 

Positions from track edges that coincide with short term and spatially widespread data gaps can be 

included. Positions may also be included from track edges that have a long duration for other 

unidentified reasons, such as issues that might be specific to individual vessels. However, most of 

the included positions are from track edges that have a long duration because of the coastal data 

gap that is within the region of each analysis. 
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Figure 4.2: Convex hulls from the cluster analysis for the gap region between Brisbane and Newcastle, against a 
background of position-report counts using a 3 km × 3 km grid. The boundary of the region that is within 300 km of 
Brisbane is also shown. 

 

The convex hulls from the cluster analysis for the gap region between Brisbane and Newcastle are 

shown in Figure 4.2, against a background of position-report counts using a 3 km × 3 km grid. The 

location of the coastal data gap is clearly evident from the spatial distribution of report counts. For 

the analysed region, the majority of track edges for vessels transiting at-sea, with duration greater 

than 15 hr, have vertex positions within the relatively small inner hull polygons. The inner hull 

polygons coincide with the boundaries of the coastal data gap as depicted in the report counts. The 

boundary of the region that is within 300 km of Brisbane is also shown. This region extends to 

approximately the middle of the coastal data gap. 

For the region between Brisbane and Newcastle, 5652 track edges were identified using the two 

outer hull polygons and 1034 of these were routed to avoid crossing the line of closest approach. 

Track edges that coincide with short term and spatially widespread data gaps are excluded from the 

emissions calculation, including 57 of the routed edges. The interpolated tracks have an average of 

three component edges with a range of between two and seven edges. For calculating emissions, 
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977 track edges were therefore replaced with 2987 component edges from the interpolated tracks. 

No track edges are considered to need routeing in association with the data gap along the NSW 

south coast, where the coast has a concave shape. 

 

Table 4.5: Average properties of tracks that span the coastal data gaps, using the 90% inner hull polygons as boundary 
regions. The p-values are from a t-test that compares the northbound and southbound samples. Sample standard 
deviations are included in brackets to allow for reproduction of the t-test results. 

 Tracks Duration (hr) Length (km) Speed (kn) 

A. Brisbane - Newcastle 

Combined 2844 17.0 417.5 14.1 

Northbound 1350 18.3 (4.5) 418.1 (36.0) 13.0 (2.9) 

Southbound 1494 15.8 (4.7) 416.9 (36.1) 15.2 (3.4) 

p-value  3.04 × 10-46 0.357 3.96 × 10-70 

B. NSW South Coast 

Combined 2007 8.6 234.2 15.6 

Northbound 887 9.0 (2.4) 234.5 (32.1) 14.7 (2.9) 

Southbound 1120 8.2 (2.6) 234.0 (33.1) 16.3 (3.5) 

p-value  2.75 × 10-13 0.718 1.96 × 10-28 

 

The average properties of the tracks that span the two coastal data gaps are shown in Table 4.5, 

using the 90% inner hull polygons as boundary regions. Tracks that coincide with short term and 

spatially widespread data gaps are excluded. The tracks that span the gap region between Brisbane 

and Newcastle have an average duration of 17 hr and an average length of 417.5 km. The tracks that 

span the gap region along the NSW south coast have an average duration of 8.6 hr and an average 

length of 234.2 km. In both regions, there is a suggestion that northbound tracks tend to have longer 

durations and slower speeds than southbound tracks. For each variable, the t-test provided my 

Microsoft Excel is used to examine a Null Hypothesis that there is no difference in mean value 

between northbound and southbound tracks. Each two-tailed test is configured with equal 

variances. For both regions, the p-values from testing the duration and speed are very small, in each 

case suggesting a low probability of obtaining at least the observed difference if the Null Hypothesis 

was true. The t-test results can be reproduced using the mean values, track counts and sample 

standard deviations, which are included in brackets. Any p-value that is not greater than 0.01 will be 

characterised as significant. 
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Table 4.6: Average properties of tracks that span the data gap between Brisbane and Newcastle, grouped by vessel type. 
The p-values are from a t-test that compares the northbound and southbound samples. Sample standard deviations are 
included in brackets. 

 Tracks Service Speed (kn) Duration (hr) Length (km) Speed (kn) 

1. Bulk Carriers 

Northbound 719 14.4 (0.6) 20.1 (3.3) 420.0 (36.4) 11.5 (1.4) 

Southbound 729 14.4 (0.7) 17.1 (4.8) 416.4 (35.7) 13.7 (2.3) 

p-value  0.488 1.22 × 10-40 0.057 1.55 × 10-98 

2. Tankers 

Northbound 173 14.4 (0.8) 19.1 (3.1) 425.7 (38.3) 12.2 (1.5) 

Southbound 172 14.4 (0.7) 17.0 (3.2) 429.9 (40.3) 13.9 (1.8) 

p-value  0.615 4.65 × 10-9 0.315 2.05 × 10-19 

3. Container Ships 

Northbound 226 22.1 (3.1) 13.4 (3.0) 406.6 (29.6) 17.0 (3.1) 

Southbound 315 22.5 (2.7) 13.0 (3.6) 415.5 (35.3) 18.3 (3.9) 

p-value  0.087 0.132 0.002 5.20 × 10-5 

 

Differences in duration and speed between northbound and southbound tracks could be affected by 

vessel capability. This issue is addressed through grouping tracks by vessel type. Track properties are 

shown in Table 4.6 for the gap between Brisbane and Newcastle, using bulk carriers, tankers and 

container ships. These vessel types contribute the majority of the sampled tracks that span the gap. 

For each vessel type, differences in average service speed between northbound and southbound 

tracks are not significant. The service speed is the speed at which a ship is designed to operate while 

transiting. Northbound tracks have a longer average duration than southbound tracks, with 

differences of approximately 3 hr, 2.1 hr and 0.4 hr for bulk carriers, tankers and container ships 

respectively. However, the small difference for container ships is not significant. Differences in 

average speed appear to be significant for each vessel type, although there is uncertainty associated 

with the track length that is used to derive the speed, because the actual paths taken by vessels 

through the gap regions are unknown. Except for container ships, the average lengths of the 

northbound and southbound tracks are not significantly different. 
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Table 4.7: Average properties of tracks for bulk carriers, either side of the data gap between Brisbane and Newcastle. 
The p-values are from a t-test that compares the northbound and southbound samples. Sample standard deviations are 
included in brackets. 

 Tracks Edge Length (m) Duration (min) Length (km) Speed (kn) 

a) North of the gap 

Northbound 523 420.1 29.1 (4.9) 10.2 (0.2) 11.6 (1.4) 

Southbound 533 425.1 24.0 (10.8) 10.2 (0.2) 14.3 (1.8) 

p-value   1.39 × 10-22 0.42 3.22 × 10-128 

b) South of the gap 

Northbound 551 373.3 28.9 (6.0) 10.2 (0.2) 11.7 (1.7) 

Southbound 556 427.1 27.3 (20.7) 10.2 (0.2) 13.6 (2.7) 

p-value   0.093 0.046 3.21 × 10-40 

 

Differences in average speed between northbound and southbound tracks are explored further by 

examining vessel tracks either side of the gap regions, where there are high AIS data rates. These 

sampled tracks are extensions of the tracks identified for the gap regions. Properties are derived for 

each track extension over the minimum cumulative edge length that is in the range 10 km to 11 km. 

Table 4.7 shows average track properties for bulk carriers, either side of the data gap between 

Brisbane and Newcastle. The track numbers are smaller than shown in Table 4.6 because some 

tracks do not have a cumulative edge length in the required range. In all cases, the average edge 

lengths are small, so that the actual paths taken by vessels are closely followed. Differences in 

average speed between northbound and southbound tracks are significant on both sides of the gap. 

Differences in track length are not significant in either region. The difference in duration is significant 

to the north of the gap. The large sample standard deviations for southbound durations are due in 

each case to a small number of outliers with large durations. For each group, these outliers are 

identified using a duration threshold that is three times the interquartile range above the upper 

quartile. For southbound tracks from the northern region, removing five tracks with durations 

greater than the duration threshold results in mean (standard deviation) values for the duration of 

23.3 (2.8) min and for the speed of 14.3 (1.6) kn. Differences in duration and speed remain 

significant. For southbound tracks from the southern region, removing 20 tracks identified using the 

same method results in mean (standard deviation) values for the duration of 24.2 (3.9) min and for 

the speed of 14 (2) kn. After making this adjustment, there is a significant difference in duration 

between northbound and southbound tracks. The difference in speed remains significant. 

4.3.2. Ship exhaust emissions 

Ship exhaust sulfur dioxide emissions are shown in Figure 4.3 using a 2 km × 2 km grid. For the 

region between Brisbane and Newcastle, the main coastal channel of activity has been situated 

offshore. These emissions are compared with those obtained following Goldsworthy and 

Goldsworthy (2015). For the region used in the cluster analysis and using sulfur dioxide as an 

example, emissions placed over land decreased from 7.5% to 0.2% of total emissions. Equivalently, 

emissions placed over water increased from 92.5% to 99.8%. Total emissions increased by 2.3%. The 

increase in total emissions is consistent with routeing vessel tracks on longer paths to avoid coming 

too close to land, resulting in higher average speeds. The increase in total emissions could also be 
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influenced by the inclusion of satellite AIS data and the associated identification of additional 

vessels. Finally, emissions placed over water increased by 10.4%, which is primarily due to an 

improved spatial allocation, but is also due in part to an increase in total emissions. 

 

 

Figure 4.3: Ship exhaust sulfur dioxide emissions (tonnes/grid-cell) using a 2 km × 2 km grid. 

 

Approximately half of the coastal data gap between Brisbane and Newcastle is within the Brisbane 

300 km region. A proportion of the emissions that are allocated to this gap region will therefore be 

in close proximity to a highly populated area. However, there are also populations adjacent to the 

gap region including the southern half. Using results from the cluster analysis, the section of the 

Brisbane 300 km region that is south of the geographic midpoint of the northern cluster is used to 

estimate the contribution from the gap region. This section is south of approximately 28.11°S. Ship 

exhaust emission estimates for the Brisbane 300 km region are shown in Table 4.8. These annual 

results were adjusted to account for short-term and spatially widespread data gaps using a 

completion factor of approximately 1.11. This adjustment does not affect the proportion of the total 

emissions that are estimated for the gap section. Emissions within the defined gap section 

contribute between approximately 27% and 31% of the estimated totals. 
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Table 4.8: Estimated ship exhaust emission totals (tonnes) for the Brisbane 300 km region in 2010/11. 

 NOx SO2 PM2.5 VOC CO NH3 CH4 N2O CO2 

Total 23,155.0  15,764.0  1921.9  454.8  904.8  4.2  8.0  48.7  966,853.7  

Gap section 7087.7  4453.4  559.0  132.7  247.9  1.3  2.4  13.2  270,322.8  

Proportion 31% 28% 29% 29% 27% 30% 30% 27% 28% 

 

4.4. Discussion 

The track duration is a reliable parameter because it is derived directly from the timestamps of the 

position reports, whereas the speed also relies on the track length and the actual paths taken by 

vessels through the gap regions are unknown. Longer durations for northbound tracks could be 

associated with vessels travelling on longer paths than obtained using the interpolation methods, 

requiring higher speeds that are closer to service speed. Travelling on longer paths could also result 

in smaller differences in duration for faster vessels, such as container ships, because the extra 

distance can be covered in a shorter time. However, differences in average speed between 

northbound and southbound tracks are also present either side of the data gap between Brisbane 

and Newcastle, where there are high AIS data rates so that the actual paths taken by vessels are 

closely followed. It is therefore reasonable for similar differences to be present within the gap 

regions. Further, differences in average speed for the gap regions are not sufficient to identify any 

potential systematic problem with the collection of tracks that were obtained using the interpolation 

methods. Northbound vessels might actually be tending to travel at slower speeds through the gap 

regions, possibly because they are experiencing greater resistance. 

The routeing choices of vessels are potentially affected by factors other than finding the shortest 

available path, including the weather, sea state and currents. However, there are not persistent 

weather or sea state conditions that would consistently favour departures from the shortest path 

over the analysed regions. Ridgway and Dunn (2003) describe many of the features of the East 

Australian Current (EAC), which is part of the western boundary current system of the South Pacific 

Subtropical Gyre. The EAC flows southward along the east coast of Australia from about 15°S before 

separating from the coast near Newcastle, so that it flows through the gap region between Brisbane 

and Newcastle. An extension continues south along the coast as far as Tasmania, flowing through 

the gap region along the NSW south coast. Chang et al. (2013) examined the potential advantages of 

following the Kuroshio in the North Pacific on northbound voyages from Taiwan to Japan, and 

avoiding the current on return voyages. Between Brisbane and Newcastle at 30°S, the core of the 

EAC is located over the continental slope adjacent to the shelf break (Mata et al., 2000), so that 

northbound vessels could potentially avoid being impeded by the current either by following routes 

over the continental shelf, or routes that take them further offshore. 

Ships are designed with a power reserve or sea margin, which can potentially be used to maintain 

transit speeds under modestly adverse conditions. However, factors that might result in differences 

in average speed between northbound and southbound tracks include the possible influence of the 

EAC, which could impede some northbound vessels and assist some southbound vessels. Container 
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ships are better equipped than bulk carriers or tankers to overcome any potential impediment 

associated with prevailing currents because they typically have more streamlined hull shapes and 

substantially larger installed power. Loading condition may also be relevant for bulk carriers. These 

vessels typically travel from a discharge port to a loading port in an unloaded condition, but carrying 

seawater ballast. They then travel loaded to the next discharge port. Vessels will experience greater 

resistance when loaded than in ballast condition if they are heavier, as they displace a larger volume 

of water and have a larger wetted surface. There are large coal exports from the Port of Newcastle 

(PoN), with representative trade statistics for 2014 indicating 159 million tonnes of coal exports, 

compared with 3.75 million tonnes of total commodity imports (PoN, 2015). Coal exports from 

Newcastle involve loaded bulk-carriers primarily travelling north to destinations in Asia. Smaller 

numbers of loaded bulk-carriers travel south to Newcastle. 

The impacts of ship exhaust emissions have been examined for ship activity in various regions (e.g., 

Tzannatos, 2010; Berechman and Tseng, 2012; Song, 2014). Air quality and health impacts have been 

examined in the Australian context by a recent study focusing on the mortality effect of ship-related 

fine particulate matter (PM2.5) in the greater Sydney region, including the benefits of control 

options that involve using low-sulfur fuel (Broome et al., 2016). Exhaust emissions from ocean going 

vessels in the major NSW ports are dominated by berthed activity. Compared with using low-sulfur 

fuel at berth, using low-sulfur fuel within 300 km of Sydney has a small additional impact on peak 

concentrations of ship-related PM2.5 over populated areas, but a large additional impact on average 

concentrations, with a reduction of 56% compared to 25%, and provides more than twice the 

mortality benefit. The estimated mortality benefit is based on changes in total ship-related PM2.5, 

without considering changes in PM2.5 composition. A similar assessment for the Brisbane 300 km 

region would rely in part on an accurate spatial and temporal allocation of emissions over the data 

gap between Brisbane and Newcastle. If ship exhaust emissions within the gap regions are placed 

incorrectly over land, then related exposures for any resident population could be overestimated. 

Alternatively, these emissions might be removed using a land-mask so that total emissions are 

underestimated, in which case exposures and the benefits of control measures could also be 

underestimated. 

The improved spatial allocation of emissions that has been demonstrated for the gap region 

between Brisbane and Newcastle has increased emissions over water and also contributed to an 

increase in total emissions, because vessel tracks have been routed on longer paths requiring higher 

average speeds. The main engine load is modelled as a cubic function of speed, with the service 

speed being achieved at a specified load. The cubic relationship is based on the resistance being 

proportional to the square of the speed. Components of the resistance that increase at higher rates 

can be important for vessels that transit at high speeds (e.g., MAN, 2011). Power requirements 

might also increase at higher rates if efficiencies associated with the operation of the propeller have 

a dependence on speed. Deviations from the cubic function will be most significant at speeds that 

are substantially different from service speed, although both the design load and operating load at 

service speed can vary. There is some variability in the speed that can be achieved for a given power 

due to factors such as hull and propeller fouling, the wind, sea state, currents and loading condition. 

This variability is not considered in calculating the main engine load. If northbound vessels over the 

analysed regions are tending to have slower speeds because they are experiencing greater 

resistance, then their main engine power requirements and therefore emissions might have been 
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underestimated. More detailed modelling of the factors that could be responsible for the identified 

speed differences may be warranted. However, comparisons with measured fuel consumption 

suggest that the cubic function can provide a high degree of accuracy (Goldsworthy and 

Goldsworthy, 2015). 

4.5. Conclusions 

The boundary regions of coastal data gaps were identified using a geographical cluster analysis. 

Sampled vessel tracks that span the data gap between Brisbane and Newcastle have an average 

length of 417.5 km and an average duration of 17 hr. Sampled tracks that span the data gap along 

the NSW south coast have an average length of 234.2 km and an average duration of 8.6 hr. For the 

gap region between Brisbane and Newcastle where the coast has a convex shape, interpolated 

tracks that avoid coming too close to land were generated using a combination of visibility graphs 

and Dijkstra’s algorithm. The spatial distribution of emissions over this region was improved in 

comparison with earlier work for the same period that uses a simpler shortest path interpolation 

(Goldsworthy and Goldsworthy, 2015). Using sulfur dioxide as an example, emissions placed over 

water increased from 92.5% to 99.8% of total emissions, total emissions increased by 2.3% and 

emissions placed over water increased by 10.4%. The increase in total emissions is consistent with 

routeing vessel tracks on longer paths requiring higher average speeds, but could also be influenced 

by other changes such as the inclusion of satellite AIS data. Emissions in this gap region were 

estimated to contribute between 27% and 31% of total ship exhaust emissions over the region 

within 300 km of Brisbane. For the analysed regions on the east coast of Australia, it was also found 

that northbound vessels tend to have slower speeds than southbound vessels, including in regions 

where the actual paths taken by vessels are closely followed. These speed differences might be 

related to factors such as the southward flowing East Australian Current. Further investigation of the 

identified speed differences may be warranted, given that it could result in additional improvements 

to the estimated emission totals. 
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Chapter 5. 

Assigning machinery power values for estimating ship exhaust 

emissions: Comparison of auxiliary power schemes 
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research article is: 

Goldsworthy, B., Goldsworthy, L., 2019. Assigning machinery power values for estimating ship 

exhaust emissions: Comparison of auxiliary power schemes. Science of the Total Environment 
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Abstract 

While ship exhaust emissions can be calculated at both large scales and fine resolutions due to the 

availability of activity data from the Automatic Identification System, there are still uncertainties in 

the assignment of ship engine and boiler power, which then leads to uncertainties in the estimated 

emissions. Reliable information is usually available for main engines, including engine type and 

installed power, and physical models exist for estimating propulsive power requirements. However, 

similar models are not available for estimating auxiliary power requirements. This study examines 

methods for calculating the actual operating power of auxiliary engines and auxiliary boilers. Earlier 

approaches assumed that installed auxiliary engine power increased in proportion to installed main 

engine power. Auxiliary-to-main engine power ratios were specified by ship type, and load factors 

were specified by ship type and operating mode. Auxiliary boiler power was generally not 

differentiated by ship size. More recent approaches are based on extensive ship survey data, and 

give tables of auxiliary engine and auxiliary boiler power binned against ship type, ship size and 

operating mode. These surveys show that auxiliary power does not necessarily increase with ship 

size or main engine power. A revised approach based on the recent data sources is adopted and 

applied to a case study of four ports in southeast Australia. The revised approach is informed by a 

local survey of ships to investigate auxiliary power demand. Comparisons are made of the impact of 

the different approaches on the magnitude and spatial distribution of the emissions. 

Keywords: Ship exhaust emissions; AIS activity data; Operating auxiliary power; Ship survey data; 

Regional inventory; Emissions mapping. 

5.1. Introduction 

5.1.1. Background 

Ship exhaust emissions contribute to air pollution that has adverse health impacts such as 

premature mortality, and environmental impacts such as acidification (e.g., Hassellöv et al., 2013) 

and eutrophication (e.g., Jonson et al., 2015) of waterways. Long term exposure to fine particulate 

matter (PM2.5) is associated with premature mortality from cardiopulmonary disease and lung 

cancer (e.g., Dockery et al., 1993; Pope et al., 2002). The majority of the fuel used by ships in the 

Australian region is based on the residue from the crude oil refining process. This Residual Fuel Oil 

(RO) has a high sulfur content, which increases PM2.5 emissions and contributes to secondary 

particle formation and growth. The combustion conditions in marine diesel engines also result in 

high emissions of oxides of nitrogen (NOx). Studies of monitoring data in various countries have 

estimated the contribution from ships to ambient PM2.5 near ports to range from 1% to 17% 

(Agrawal et al., 2009; Viana et al., 2009; Contini et al., 2011; Pandolfi et al., 2011; Cesari et al., 2014). 

These results are based on tracers that can also be associated with other emission sources, and do 

not always include an estimate of the contribution from ships to the secondary sulfate component. It 

has been estimated that ship-related PM2.5 was responsible for 60,000 cardiopulmonary and lung 

cancer deaths worldwide in 2002 (Corbett et al., 2007). 

Interventions to reduce ship-related PM2.5 include using low-sulfur fuel or achieving the same effect 

with scrubbers. It has been estimated that 70% of global ship exhaust emissions occur within 400 km 
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of the coast (Corbett et al., 1999). A global assessment found that using 0.5% low-sulfur fuel within 

coastal areas could prevent 33,500 premature deaths annually (Winebrake et al., 2009). This 

reduction in the fuel sulfur content is consistent with an upcoming global restriction imposed by the 

International Maritime Organisation (IMO) from 2020. Sofiev et al. (2018) have examined the 

associated health and climate impacts. Stronger regional restrictions requiring the use of 0.1% low-

sulfur fuel can be imposed through declaration of Emission Control Areas. Broome et al. (2016) 

examined the impact on mortality of ship-related PM2.5 in the greater Sydney region, including the 

benefits of two scenarios that use 0.1% low-sulfur fuel. Using low-sulfur fuel within 300 km of 

Sydney reduces average ship-related PM2.5 over populated areas by 56%, compared to a 25% 

reduction using low-sulfur fuel at berth only, and provides more than twice the mortality benefit. 

Conversely, almost half the mortality benefit of using low-sulfur fuel within 300 km of Sydney is due 

to using low-sulfur fuel at berth within the four major ports. 

Assessing exposure to air pollution involves determining pollutant concentrations at locations that 

are not monitored, and can also involve source apportionment. Chemical transport modelling can 

address both of these issues. In addition to modelling chemical transport processes, meteorological 

data and relevant emissions from both natural and anthropogenic sources are used as inputs. 

Methods for calculating emissions from anthropogenic sources can involve using activity based 

methods to obtain regional and annual totals, which are then disaggregated using spatial patterns 

and temporal profiles (e.g., Matthias et al., 2018). These methods do not resolve small single 

emitters, such as individual road vehicles, but may resolve large single sources such as industrial 

sites and power stations. Methods for calculating ship exhaust emissions use activity data from the 

Automatic Identification System (AIS). Carriage of AIS is mandatory for ships above specified sizes. 

The AIS activity data are combined with ship specific technical data to calculate emissions for 

individual ships (e.g., Jalkanen et al., 2009; Olesen et al., 2010; Goldsworthy and Goldsworthy, 2015). 

Gridded emissions are obtained by rasterising individual ship tracks. The AIS data allow emissions to 

be calculated at both large scales and fine resolutions. 

While ship exhaust emissions can be calculated at both the scale and the resolution that is required 

by important applications, such as chemical transport modelling, there are still uncertainties in the 

assignment of ship engine and boiler power. Ship exhaust emissions are produced by a combination 

of different machinery. Main engines are used for propulsion, and in some configurations are also 

used to generate electricity. Smaller auxiliary engines are commonly used to generate electricity, 

and boilers are used for various heating purposes. Boilers are operated using waste heat from the 

exhaust, and oil fired auxiliary boilers are used when insufficient waste heat is available. During the 

different operating modes, ships will only use a proportion of the installed machinery power. Actual 

operating powers are needed to calculate fuel consumption and exhaust emissions. The installed 

main engine (ME) power is usually available for each individual ship. Load factors based on ship 

speed are applied to the installed ME power to obtain the operating power. Auxiliary engine (AE) 

power and auxiliary boiler (AB) power are not functions of ship speed and alternative approaches 

are required. Accurate estimation of AE and AB emissions is particularly important within ports, 

where emissions can be dominated by berthed activity, due to the extended time at berth compared 

with the time required to transit the port waters. This paper examines different auxiliary power 

schemes in a case study of four ports in southeast Australia. 
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5.1.2. Setting 

The state of Victoria is located in the southeast corner of the Australian mainland. The population of 

Victoria is the second largest of any Australian state after New South Wales (ABS, 2017). The 

majority of the state population (76%) resides in greater Melbourne, which had a population in 2016 

of approximately 4.7 million people. The coastal city of Melbourne is located to the north of Port 

Phillip Bay. The state has four primary commercial ports. Port of Melbourne (PoM) and Geelong Port 

(GP) are located primarily within Port Phillip Bay (see Figure 5.1). Port of Hastings (PoH) is located in 

Western Port approximately 72 km southeast of Melbourne. Port of Portland (PoP) is situated to the 

west of Port Phillip Bay between Melbourne and Adelaide. There are also a number of small regional 

ports that are used by fishing vessels, other small commercial vessels and recreational craft. This 

study focuses on the four primary commercial ports. 

 

 

Figure 5.1: Port waters showing PoM and GP in Port Phillip Bay, and PoH in Western Port. The inset shows the PoM 
berths in greater detail. The main anchorages in PoM are also shown. 

 

Port of Melbourne has Australia’s largest international container terminal at Swanson Dock, handling 

around 2.93 million TEU annually, and an automotive trade terminal at Webb Dock, handling over 

one thousand motor vehicles daily (PoM, 2018). Webb Dock East has five berths and 40 ha of 

container stacking area. Berth 1 and Berth 2 serve the Tasmanian coastal trade. Three multi‐purpose 

general cargo berths and an automotive terminal accommodate cars, trucks, buses and other 

wheeled machinery, as well as break bulk commodities such as timber, wood pulp and newsprint. 

Webb Dock West is the main automotive trade terminal. The main passenger terminals are at 
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Station Pier, with has three berths for cruise ships and one berth for the Bass Strait ferries. 

Gellibrand Pier handles crude oil and has a direct pipeline to the Mobil refinery at Altona. Holden 

Dock handles refined petroleum products. Victoria Dock is a general cargo dock with logistics and 

warehousing facilities. Appleton Dock handles a range of general, dry bulk and break bulk cargo 

including new motor vehicles, transport and agricultural equipment. South Wharves handle a variety 

of cargo including cement, which is transferred within contained handling silos, and break bulk 

commodities such as iron, steel and timber products. Towage service providers also have their tug 

fleets based at South Wharf. The Yarraville berths are bulk cargo berths handling a wide range of 

commodities including gypsum, sugar and fertiliser. 

Geelong Port is the second largest port in Victoria and handles >10.5 million tonnes of product 

annually across a broad range of industry segments, including crude oil and other bulk liquids, dry 

bulk cargo and break bulk cargo (GP, 2018). The majority of the shipping activity is linked to the bulk 

liquid berth at Refinery Pier. The port has 12 berths across two primary precincts, Corio Quay and 

Lascelles. Corio Quay has five berths and handles break bulk commodities such as paper, steel, and 

timber, and also handles livestock, project cargo, and woodchips. Lascelles has three berths at 

Lascelles Wharf, which handle bulk clinker, sulfuric acid, fertiliser, phosphate rock, calcite, livestock, 

grain, and project cargo; and four berths at Refinery Pier that handle crude oil, bitumen, aviation 

gasoline, bulk chemicals and petroleum products. 

Ships that visit GP transit through PoM, which has long transits that extend between the port 

entrances and the berth and anchorage areas. Geelong Port has two small anchorage areas in Corio 

Bay that are only available to ships with shallow drafts (VRCA, 2005). Larger ships that visit GP can 

use the main anchorages in PoM, and also anchor at additional sites near the Point Richards Channel 

Entrance Beacon. The Inner Anchorage and Outer Anchorage areas in PoM are located to the 

southwest of the berth areas, which are clustered near the central business district. Some ships 

berth at both ports during a single visit to Port Phillip Bay. 

Port of Hastings is the southern terminal for pipelines carrying gas and oil from Bass Strait to coastal 

markets and to the Mobil and Shell refineries in Melbourne and Geelong (PoH, 2018). Crude oil and 

condensate that is not used for refining is shipped interstate. The main trade groups are crude oil, 

liquid petroleum gas (LPG), unleaded petrol and steel. Crip Point Berth 1 is state-owned and is 

utilised by United Australia for the discharge of motor spirit and automotive diesel to their terminal 

in Hastings. Long Island Point liquid berth is state-owned and used by Esso Australia Ltd for export of 

crude oil and LPG on tankers of up to 100,000 DWT. BlueScope Steel Wharves are owned and 

operated by BlueScope Steel. Stony Point jetty and depot are used by harbour service craft, harbour 

tugs, passenger ferries, the Royal Australian Navy for training vessels, the fishing industry, oil 

exploration vessels and small commercial vessels. 

Port of Portland specialises in bulk commodities, particularly agricultural, fertiliser, forestry and 

mining products, as well as aluminium (PoP, 2018). It has approximately six million tonnes in annual 

throughput. The export trade includes grain, woodchips, logs, aluminium ingots and livestock, while 

import commodities are alumina, liquid pitch and fertiliser products. The port also hosts cruise ships. 

The aluminium smelter in Portland is operated by Alcoa, which has bauxite mines and alumina 

refineries in Western Australia. The other aluminium smelters in eastern Australia are operated by 

Rio Tinto, which has bauxite mines and alumina refineries in Queensland. 

https://en.wikipedia.org/wiki/Altona,_Victoria
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5.2. Materials and methods 

5.2.1. Overall 

The methodology for calculating ship exhaust emissions and fuel consumption is developed from 

Goldsworthy and Goldsworthy (2015) and Goldsworthy (2017). Similar approaches are widely used 

internationally (e.g., Jalkanen et al., 2009; Olesen et al., 2010; Smith et al., 2015; Chen et al., 2017). 

The methods are based on the use of AIS activity data, which is used to track individual ships, and 

allows emissions to be calculated at both large scales and fine resolutions. The activity data are 

combined with detailed technical data on the identified ships. Emissions are calculated within the 

boundaries of the four ports described in Section 5.1.2. Port visits and vessel counts are compared 

with data provided by the local port authorities. For comparison of different AE and AB schemes, 

three published schemes are selected based on their representativeness of current practice. These 

schemes are used separately to compare the resulting AE and AB powers for the ships involved in 

the emissions study. On the basis of these comparisons and with the aid of a small local ship survey, 

a compilation of the best features of the various approaches is made. Comparisons are made of the 

impact of the revised scheme on the estimated emissions. 

5.2.2. Primary data inputs 

The Australian Maritime Safety Authority (AMSA) provided raw terrestrial and satellite AIS data for 

the 2016 calendar year, covering waters adjacent to the state of Victoria in southeast Australia, and 

extending south beyond Tasmania. These data are used to describe ship movements, and are 

combined with ship technical data to calculate engine loads. Operating modes are assigned using a 

combination of activity data, ship technical data and geographical data. Each AIS position report 

gives the ship identification, position, speed, course, heading and navigational status, and includes a 

timestamp. Ship type, ship size, ship age, main engine type, drive type, installed engine power, 

engine number and service speed were obtained for each vessel from the Sea-web online database, 

to which access was provided by IHS Markit Maritime & Trade. 

The AIS position reports are more closely spaced than is required for calculating ship exhaust 

emissions and fuel consumption. The activity data are down-sampled to a specified minimum time-

interval of 30 s between consecutive position reports for each vessel. In this case, the down-

sampling method removed approximately 76% of the position reports, while still retaining 

considerable detail. Goldsworthy (2017) previously found this method removed approximately 72% 

of the position reports, when applied to Australia wide data for an earlier annual period from July 

2010 to June 2011. Short-term and spatially widespread data gaps are identified using hourly 

position report counts. There are only 191 h of missing AIS data spread across 10 gap periods, 

including three periods of one day and one period of three days. 

The activity of each vessel is divided into specific operating modes, which are used to assign 

machinery power defaults when calculating emissions. For calculating emissions, operating modes 

are specified as either “ignored”, “at anchor”, “berthed”, “transit”, or “low-load/manoeuvring”. 

Emissions and fuel consumption are not calculated for the ignored category. The operating mode, 

ship speed, service speed and installed power are used to calculate the actual operating power of 

main engines and thus emissions, using appropriate emissions factors for the particular engine type, 
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fuel type, ship age and engine load. The actual operating powers of auxiliary engines and auxiliary 

boilers are not directly related to ship speed and are derived from generalised default tables 

according to ship type, ship size and operating mode. 

5.2.3. Main engine power 

Main engine load factors are calculated for each individual track edge. Track edges are sections of 

ship track that span consecutive position reports. Each track edge is associated with a single ship. 

The propulsive power 𝑃 that is required is generally taken to be proportional to the cube of the ship 

speed 𝑢. Two key characteristics that are available for each ship are the installed ME power 𝑃𝑚𝑎𝑥 

and the service speed 𝑢𝑠𝑠. The service speed is the speed at which the ship is designed to operate 

during transit. The fraction 𝑘 of the installed power that is used at service speed is taken to be 0.85. 

The ME load factor 𝐿𝐹 is the quotient 

 𝐿𝐹 = 𝑃/𝑃𝑚𝑎𝑥 = 𝑘(𝑢/𝑢𝑠𝑠)3. (5.1) 

The cubic law is widely applied in detailed ship emissions inventories. It uses a well-defined value of 

the required power at service speed, and then uses the cubic relationship to calculate the required 

power at other speeds. The required ME power at service speed is evaluated by the ship designers 

and is used to select the size of the propulsion engine, with a margin to allow for impeding 

influences such as the wind, waves and hull/propeller fouling. This margin is assumed in the present 

study to be 15%. The effect of deviations from the cubic relationship will be most significant at 

speeds that are substantially different from service speed. Wave-making drag can increase the value 

of the exponent for ships that transit at high speeds. Smaller ships are also more susceptible to 

wave-making drag at slower speeds. Smith et al. (2015) found that the cubic relationship is a high 

quality assumption for bulk carriers above 40,000 DWT, but may be less valid for smaller ships, and 

for high speed container ships in particular, based on calculations using the Holtrop-Mennen 

resistance regression formulae (Holtrop and Mennen, 1982). There will also be some variability in 

the speed that can be achieved for a given power due to factors such as loading condition, 

hull/propeller fouling, the wind, waves, and ocean currents. Comparisons with measured fuel 

consumption, including for a 3613 TEU container ship, suggest that the cubic relationship can 

provide a high degree of accuracy (Goldsworthy and Goldsworthy, 2015). 

Shaft generators are electrical generators driven directly off the ME driveshaft. They are employed 

because main engines are typically more fuel efficient than auxiliary engines. Some ships use 

controllable pitch propellers (CPP) and operate at a constant engine speed over a wide load range. 

Others with fixed pitch propellers (FPP) will use frequency converters to allow the shaft generators 

to operate over a range of engine speeds. When a ship moves into or out of the load/speed range at 

which the shaft generators can operate, there will be a small shift in the ME power/speed 

relationship. This shift has not been accounted for in the present study because further data are 

needed on the load/speed ranges over which shaft generators operate. There will be a slight 

overestimation of auxiliary fuel consumption during transit for ships that are equipped with shaft 

generators, because it is assumed that less efficient auxiliary engines are used. However, main 

engines have higher NOx emissions, which will therefore be underestimated. 
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Ships with diesel/electric drives use diesel engines to generate electricity, which is used for both 

propulsion and auxiliary power to provide ship services. While information is usually available on the 

total installed power, information on the power that is available from the electrically driven 

propulsion motors is not as easily obtained. Where this information has not been acquired, it is 

assumed that 70% of the installed power is available for propulsion, based on survey data for Port of 

Brisbane (Goldsworthy and Renilson, 2013). Auxiliary engine emissions from diesel/electric ships are 

calculated using ME emissions factors. 

Brake Specific Fuel Consumption (BSFC) could potentially be assigned according to test bed data 

from manufacturers for particular engines. While engine manufacturer and model are often 

available for each ship, test bed data are not as easily obtained and may not be available. Where 

these data are available, they cover a limited load range and typically do not include loads <25%. 

These data are also measured under ideal conditions, and it is unlikely that the real conditions under 

which engines operate will yield the same fuel consumption. It is therefore more usual to use 

generic values of BSFC by engine type and fuel type. The engine type is usually available and can be 

inferred primarily from the propulsion type and the stroke type where applicable. 

Emissions factors and BSFC are adjusted for loads below 20%. Emissions factors increase at low loads 

due to reduced fuel efficiency and increasing levels of incomplete combustion. The low-load 

adjustments are based on regression formulae derived from measurements made by US-EPA (2000) 

and subsequently normalised to 20% load (US-EPA, 2009a). The adjustments are typically applied 

over the load range from 2% to 20% (PoLA, 2011). These low-load adjustments have been adopted in 

a number of large scale studies that use AIS activity data to calculate emissions for individual ships 

(Goldsworthy and Goldsworthy, 2015; Fan et al., 2016; Liu et al., 2016; Chen et al., 2017). The low-

load adjustments include manoeuvring, which can involve significant swings in engine load and it is 

difficult to accurately measure or model engine load or emissions. 

In this study, a load balancing scheme is used for multi-engine vessels whereby a low-load 

adjustment is only used if the vessel is operating on a single engine below 20% load. Vessels with 

multiple engines will normally disengage the number of engines required to keep any remaining 

engines operating at a significant load, for fuel efficiency and engine care. Without load balancing, 

the regression formulae that are used to obtain the low-load adjustments are functions of the 

fractional load. The load balancing scheme is implemented by replacing the fractional load in the 

regression formulae with the product of the fractional load and the number of main engines, where 

this product is required to be <20%. Jalkanen et al. (2012) previously implemented a different load 

balancing scheme for vessels with multiple engines. A limitation of both schemes is they assume the 

main engines for a given vessel are all the same. 

Without the load balancing scheme for multi-engine vessels, the modelled increase in emissions 

factors during low-load operation would be excessive. An additional feature of load dependent 

emissions factors is that the emissions factors vary with time. Consequently, the emissions over a 

given time period cannot be derived directly using the time-averaged engine load, which would 

otherwise be possible if the emissions factors were constant. An advantage of using detailed AIS 

activity data to track individual ships is that the main engine load can be updated very frequently. 

Main and auxiliary engine NOx emissions are also adjusted to account for global Tier I and Tier II 

restrictions (IMO, 2008), based on engine type and ship age. 
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5.2.4. Auxiliary engine power 

While the actual or operating ME power can be assigned using ship speed in the propeller law or 

other related methods, AE and AB power are not directly related to ship speed. The choices for these 

quantities rely primarily on survey data, which have been reported in terms of ship type, ship size 

and operating mode. Auxiliary power requirements could also be affected by ship age, with more 

recent vessels potentially incorporating more efficient system. There will be a significant influence 

from the Energy Efficiency Design Index (EEDI) for new ships and the Ship Energy Efficiency 

Management Plan (SEEMP) (IMO, 2011a). However, the available auxiliary power data do not use 

ship age as a parameter. US-EPA (2009a) published a set of tables for AE power based on a number 

of sources. The AE power tables utilise a single factor on ME power for each of 10 ship types to 

define the installed AE power, and further factors by ship type to define the proportion of the 

installed power in use for each operating mode. While this approach is useful as it gives AE power 

indirectly by ship size, the assumption that AE power increases in proportion to ME installed power 

is not necessarily valid. As ship size increases, certain basic functions such as supplying the needs of 

the crew or powering control systems do not necessarily increase in proportion to ship size. A 

preferred approach is to ascertain real values of AE power over a range of ship sizes. 

The most comprehensive data on AE power come from the Starcrest Vessel Boarding Program (VBP), 

where over 1200 vessels have been boarded at ports including Port of Los Angeles (PoLA) and Port of 

Long Beach (PoLB), and data have been collected manually (PoLA, 2017; PoLB, 2017). This program 

has resulted in a set of tables of AE power by ship type, binned ship-size, and operating mode. The 

optimum approach would be to obtain the data directly for each ship in an inventory, but this 

approach is not generally practicable. The Starcrest tables show some variability between PoLA and 

PoLB, and for certain ship types there is unexplained irregularity in the published data, probably due 

to limited data for particular ship sizes. It is not certain that the data from these ports are applicable 

in all world ports and waterways. A consortium of experts produced a global inventory of ship 

greenhouse gas emissions for the IMO (Smith et al., 2015). The consortium used the Starcrest data 

that were available at the time, their own data sources and professional experience to compile a set 

of AE power defaults. These tables are very similar to the Starcrest tables, but appear to be more 

internally consistent and are likely to be more applicable globally. 

The AE power defaults that are used in this study are chosen from Smith et al. (2015), Starcrest 

(PoLA, 2017; PoLB, 2017) and US-EPA (2009a). The three data sources are also used separately to 

compare the resulting AE power for the ships involved in the emissions study, together with results 

from a small local survey. For the limited local survey, six container ships, one crude oil tanker and 

one bulk carrier were visited while berthed in PoM in 2018, with the assistance of AMSA. Container 

ships at berth are particularly important due to the high level of activity and the location close to the 

city of Melbourne. The survey results are used to inform the choice of data sources. The AE power 

defaults that are used in this study are shown in Table 5.1 and Table 5.2. 
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Table 5.1: Auxiliary engine power defaults used in this study by ship type, ship capacity and operating mode. Sources: 
IMO 2015 are from Smith et al. (2015); Starcrest 2017 are from PoLA (2017) and PoLB (2017). 

Ship type Capacity bin 
Capacity 

units 

kW 
Source 

Anchorage Manoeuvring Berth Transit 

Bulk Carrier 

0–9999 

dwt 

190 310 280 190 

IMO 2015 

10,000–34,999 190 310 280 190 

35,000–59,999 260 420 370 260 

60,000–99,999 420 680 600 420 

100,000–199,999 420 680 600 420 

200,000+ 420 680 600 420 

Container 

0–999 

teu 

340 550 340 300 

IMO 2015 

1000–1999 600 1320 600 820 

2000–2999 700 1800 700 1230 

3000–4999 940 2470 940 1390 

5000–7999 970 2600 970 1420 

8000–11,999 1000 2780 1000 1630 

12,000–14,500 1200 3330 1200 1960 

14,500+ 1320 3670 1320 2160 

Crude Oil 
Tanker 

0–4999 

dwt 

250 375 250 250 

IMO 2015 

5000–9999 375 563 375 375 

10,000–19,999 625 938 625 625 

20,000–59,999 750 1125 750 750 

60,000–79,999 750 1125 750 750 

80,000–119,999 1000 1500 1000 1000 

120,000–199,999 1250 1875 1250 1250 

200,000+ 1500 2250 1500 1500 

General 
Cargo 

0–4999 

dwt 

60 90 120 60 

IMO 2015 5000–9999 170 250 330 170 

10,000+ 490 730 970 490 

Passenger 

<1500 

passengers 

3000 4000 3000 3500 

Starcrest 
2017 

1500 < 2000 6500 8000 6500 7000 

2000 < 2500 9500 11,500 9500 10,500 

2500 < 3000 10,000 12,000 10,000 11,000 

3000 < 3500 10,500 13,000 10,500 11,500 

3500 < 4000 11,000 13,500 11,000 12,000 

4000 < 4500 12,000 14,000 12,000 12,500 

4500 < 5000 13,000 14,500 13,000 13,000 

5000 < 5500 13,500 15,500 13,500 13,500 

5500 < 6000 14,000 16,000 14,000 14,000 

6000 < 6500 14,500 16,500 14,500 14,500 

6500+ 15,000 17,000 15,000 15,000 

Products/ 
Gas/Chemic

al Tanker 

0–4999 

dwt 

250 375 250 250 

IMO 2015 
Crude Oil 
Tanker 

5000–9999 375 563 375 375 

10,000–19,999 625 938 625 625 

20,000–59,999 750 1125 750 750 

60,000–79,999 750 1125 750 750 

80,000–119,999 1000 1500 1000 1000 

120,000–199,999 1250 1875 1250 1250 

200,000+ 1500 2250 1500 1500 

 

The US-EPA (2009a) methodology is judged to be superior for some ship types because it allows for 

smaller AE power for smaller vessels, and the newer data have only a few bins for ship size. Values 

from Smith et al. (2015) are used for container ships because there are some apparently erratic 
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values in the more recent Starcrest tables (PoLA, 2017; PoLB, 2017). However, Smith et al. (2015) 

assigned higher AE powers for container ships at anchor than at berth. This behaviour is inconsistent 

with the Starcrest data and does not have a stated justification. Consequently, the values used for 

container ships at anchor are the same as those used for these ships at berth. The Starcrest values 

for passenger vessels are used because passenger numbers for size bins is judged to be superior to 

the use of Gross Tonnage (GT). A large proportion of the auxiliary engine power is used to cater for 

the needs of passengers. The Starcrest values are similar to the Smith et al. (2015) values for most of 

the passenger vessels involved in the emissions study. For passenger numbers >2000, both of these 

sources give higher values than the US-EPA (2009a) method. 

 

Table 5.2: Remaining AE power assignment not covered in Table 5.1, from US-EPA (2009a) using ME installed power. 

Ship type 
AE/ME 

power ratio 

Overall load factor 

Anchorage Manoeuvring Berth Transit 

Miscellaneous 0.191 0.22 0.45 0.22 0.17 

Reefer 0.406 0.32 0.45 0.32 0.2 

Ro-Ro Cargo 0.259 0.3 0.45 0.3 0.15 

Vehicles Carrier 0.266 0.26 0.45 0.26 0.15 

 

Higher AE load factors are normally allocated during manoeuvring to allow for the use of electrically 

driven thrusters as ships manoeuvre alongside. In this study, the manoeuvring AE power defaults are 

used during the low-load/manoeuvring operating mode. This use may lead to an overestimation of 

auxiliary engine fuel consumption and emissions during periods of operation at the higher end of the 

low load regime, while thrusters are not in use. However, an additional auxiliary engine is usually 

started well before thrusters are needed. This period of low load operation of an auxiliary engine 

would also be subject to higher BSFC and emissions factors than at higher loads. The ME upper load 

boundary of 20% for low-load/manoeuvring (Goldsworthy and Goldsworthy, 2015) is consistent with 

the manoeuvring definition used by Smith et al. (2015). 

5.2.5. Auxiliary boiler power 

Ships use boilers for various tasks such as fuel heating, cargo heating, steam driven cargo pumps and 

hot water. Boilers are operated using waste heat from the exhaust, and oil fired auxiliary boilers are 

used when insufficient waste heat is available. US-EPA (2009a) give a table of AB power by ship type 

and operating mode, but not by ship size. Smith et al. (2015) and Starcrest (PoLA, 2017; PoLB, 2017) 

give AB power by ship type, ship size and operating mode. The AB power defaults that are used in 

this study are chosen primarily from these three sources and are shown in Table 5.3. These sources 

are also used separately to compare the resulting AB power for the ships involved in the emissions 

study, together with survey results for PoM. 

Auxiliary boilers are used in most vessels at low ME loads because insufficient heating is available 

from the waste heat boiler. The ME load below which auxiliary boilers are used is difficult to define. 

PoLA (2011) confirm that auxiliary boilers are used during slow transit when lower speeds result in 
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cooling of the ME exhaust, making economisers less effective, and assume that auxiliary boilers are 

operating at ME loads <20%. The manoeuvring default values for AB power are used during the low-

load/manoeuvring operating mode, which has an upper load boundary of 20%, consistent with the 

manoeuvring definition used by Smith et al. (2015). 

Crude oil tankers use steam driven cargo pumps while at berth. Auxiliary boilers are also used for 

cargo heating and to supply exhaust gas to inert gas systems, which are used to maintain sufficiently 

low oxygen levels in cargo tanks to prevent explosions. It is assumed that high AB powers at berth 

are only used while delivering cargo. A period of 30 h is allowed for cargo delivery. Anecdotal 

evidence shows that tankers will be able to discharge their cargo within this time. If tankers are at 

berth for >30 h, the AB power is assumed to be the anchorage value after 30 h. This limit is 

necessary because the AB power for cargo pumping is relatively high. Smith et al. (2015) also assume 

that larger crude oil tankers use auxiliary boilers during transit, which may be necessary for cargo 

heating and to supply exhaust gas to inert gas systems. 

The 30 h limit for crude oil tankers pumping cargo, during each port visit, is implemented using two 

sub-types of the berthed operating mode, for pumping cargo, and not pumping cargo. This division 

does not affect any other use of the berthed operating mode because the operating modes have a 

hierarchical structure. Operating modes are assigned to edges, and the 30 h boundary typically falls 

part way through the duration of an edge. In this case, the edge is assigned both operating modes, 

and the edge duration is split between the two operating modes, so that pumping cargo is assigned 

for the specified maximum of 30 h. 

For passenger vessels built before 2000 or with geared drive, AB power is assigned by number of 

passengers at 0.5 kW/passenger, or zero if <200 passengers. The value of 0.5 kW/passenger is 

derived from data in PoLA (2011). Smith et al. (2015) used GT as the capacity unit for passenger 

vessels, but the number of passengers is judged to be more relevant. For diesel/electric passenger 

vessels built after 2000, it is assumed that one of the main engines is used to generate hotelling 

electricity at berth, and that the waste heat boiler on this engine is sufficient to supply the heating 

needs of the ship. Starcrest (PoLA, 2017; PoLB, 2017) assumed that most passenger vessels are 

diesel/electric and do not therefore use auxiliary boilers. 
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Table 5.3: Auxiliary boiler power defaults used in this study by ship type, ship capacity and operating mode. Sources: 
IMO 2015 are from Smith et al. (2015); Starcrest 2017 are from PoLA (2017) and PoLB (2017); Starcrest 2011 are from 
PoLA (2011); EPA 2009 are from US-EPA (2009a). 

Ship type Capacity bin 
Capacity 

units 

kW 
Source 

Anchorage Manoeuvring Berth Transit 

Bulk Carrier 

0–9999 

dwt 

50 50 50 0 

IMO 2015 

10,000–34,999 50 50 50 0 

35,000–59,999 100 100 100 0 

60,000–99,999 200 200 200 0 

100,000–199,999 200 200 200 0 

200,000+ 200 200 200 0 

IMO 2015 
Container 

0–999 

teu 

120 120 120 0 

1000–1999 290 290 290 0 

2000–2999 350 350 350 0 

3000–4999 450 450 450 0 

5000–7999 450 450 450 0 

8000–11,999 520 520 520 0 

12,000–14,500 630 630 630 0 

14,500+ 700 700 700 0 

Crude Oil Tanker 

0–4999 

dwt 

100 100 500 0 

IMO 2015 

5000–9999 150 150 750 0 

10,000–19,999 250 250 1250 0 

20,000–59,999 300 300 1500 150 

60,000–79,999 300 300 1500 150 

80,000–119,999 400 400 2000 200 

120,000–199,999 500 500 2500 250 

200,000+ 600 600 3000 300 

General Cargo 

0–4999 

dwt 

0 0 0 0 

IMO 2015 5000–9999 75 75 75 0 

10,000+ 100 100 100 0 

Miscellaneous   0 0 0 0 IMO 2015 

Passenger post 
2000 with 

diesel/electric drive 

  0 0 0 0 
Starcrest 

2017 

Passenger pre 
2000 or geared 

drive 

  0.5 kW/passenger 
Starcrest 

2011 

Products/Gas/ 
Chemical Tanker 

  371 371 371 0 EPA 2009 

Reefer   270 270 200 0 IMO 2015 

Ro-Ro Cargo 
0–4999 

gt 
200 200 200 0 

IMO 2015 
5000+ 300 300 300 0 

Vehicles Carrier   268 268 268 0 IMO 2015 

 

5.2.6. Fuel sulfur content 

Ships almost exclusively operate on RO, which is also called Heavy Fuel Oil or Intermediate Fuel Oil. 

This fuel is based on the residue from the crude oil refining process and is used because of its lower 

cost. The fuel generally has a high sulfur content, which in the present study is taken to be 2.9% 

sulfur by mass. This value represents the average sulfur content of RO supplied in PoM in 2016, 

based on the fuel records of a local cargo ship, and is the average value from 34 refuelling 

operations. While this value is higher than the global average for RO in 2016 (about 2.7%), and most 
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of the international ocean going vessels refuel in other countries, evidence from 2018 surveys shows 

that the sulfur content of the fuel used by these vessels is currently around 3.0% or more. Many of 

these vessels would refuel in Asia where the fuel sulfur content is typically higher than the global 

average. However, the conservative value of 2.9% is applied because it was not possible to obtain 

records from all of the relevant ships for 2016. The fuel sulfur content affects the emissions factors 

for both sulfur dioxide (SO2) and particles. 

5.2.7. Aggregated emissions 

Ship exhaust emissions are obtained as weighted sums of the emissions for individual track edges. 

For spatially gridded data, each edge is assigned a collection of one or more spatial cells. Each edge 

and spatial cell pair is assigned a weight that gives the proportion of the edge that is associated with 

the particular spatial cell. The sum of the weights for each edge has unit value. Goldsworthy and 

Goldsworthy (2015) describe the method that is used for spatial rasterisation of individual edges. 

Similarly, for emissions aggregated over regions such as ports, each edge is assigned one or more 

regions. Each edge and region pair is assigned a weight that is calculated as the proportion of the 

edge length that intersects the region. Each edge is associated with a single ship and therefore has 

other properties such as a ship type. Aggregated emissions are therefore formed as weighted sums 

of individual edge emissions, grouping on other properties such as ship type and operating mode, in 

addition to spatial cells or regions. Each edge also has emissions from up to three different machine 

types, depending on the ship type and operating mode. 

5.3. Results and discussion 

5.3.1. Auxiliary engine power 

The AE power defaults that are used in this study, as shown in Table 5.1 and Table 5.2, are chosen 

from Smith et al. (2015), Starcrest (PoLA, 2017; PoLB, 2017) and US-EPA (2009a). These sources are 

used separately to compare the resulting AE power for the ships involved in the emissions study, 

together with results from a small local survey. For the limited local survey, six container ships, one 

crude oil tanker and one bulk carrier were visited while at berth in PoM in 2018. Select comparisons 

are plotted in Figure 5.2. The values labelled “Starcrest 2017” are averages of the values given in 

PoLA (2017) and PoLB (2017). The values labelled “IMO 2015” are from Smith et al. (2015) and the 

values labelled “EPA 2009” are generally from US-EPA (2009a), with some modifications as described 

in Goldsworthy and Goldsworthy (2015). 

Of all the vessel types, operating modes and locations, container ships at berth in PoM are perhaps 

the most important because of the intensity of the activity and the location close to the city of 

Melbourne. It can be seen that the survey values lie close to the Smith et al. (2015) values, whereas 

the US-EPA (2009a) approach gives AE power that is apparently too high for larger container ships at 

berth. A similar pattern is evident for container ships while manoeuvring, which is also particularly 

relevant to activity within ports. The survey data confirm that the Smith et al. (2015) values are 

reasonable for container ships during transit. The US-EPA (2009a) values for bulk carriers and crude 

oil tankers at berth fall within similar ranges to the Smith et al. (2015) values, although the former 

scheme produced some notably larger values for smaller bulk carriers. Comparisons are also made 
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for vehicles carriers because PoM handles large motor vehicle imports and exports, although there 

are no survey results. In this case the US-EPA (2009a) method is preferred because it allows for 

greater variability by ship size, although still within a range that is similar to the other data sources, 

and the newer data have very few bins for ship size. 

 

 

Figure 5.2: Comparisons of operating AE power (kW), resulting from three different published sources, for ships involved 
in the emissions study, together with results from a small survey of ships berthed in PoM in 2018. The values labelled 
“Starcrest 2017” are averages of the values given in PoLA (2017) and PoLB (2017); the values labelled “IMO 2015” are 
from Smith et al. (2015); the values labelled “EPA 2009” are from US-EPA (2009a), with some modifications as described 
in Goldsworthy and Goldsworthy (2015). 
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5.3.2. Auxiliary boiler power 

Select comparisons between the AB powers resulting from three published sources are shown in 

Figure 5.3, for the ships involved in the emissions study, together with survey results for PoM. The 

values labelled “Starcrest 2017” are averages of the values given in PoLA (2017) and PoLB (2017). 

The values labelled “IMO 2015” are from Smith et al. (2015) and the values labelled “EPA 2009” are 

from US-EPA (2009a), with some modifications as described in Goldsworthy and Goldsworthy (2015). 

The local survey includes AB power for six container ships at berth, but does do not establish a clear 

preference for any scheme. However, the US-EPA (2009a) method does not differentiate by ship 

size, whereas the other sources allow for smaller values for smaller ships. Comparisons are included 

for crude oil tankers at berth because of the large AB powers that are associated with pumping 

cargo. The majority of the shipping activity at GP is also linked to the bulk liquid berth at Refinery 

Pier. Goldsworthy and Goldsworthy (2015) used AB powers derived from US-EPA (2009a), but 

assumed that steam driven cargo pumps were only used by crude oil tankers above 45,000 GT. This 

transition occurs between 60,000 DWT and 100,000 DWT. The resulting AB powers for smaller crude 

oil tankers are lower than the Smith et al. (2015) values, which then increase more gradually with 

ship size, with both schemes giving the same AB power for larger crude oil tankers. The single survey 

value is for a very modern ship that runs steam turbines for pumping cargo. 

 

 

Figure 5.3: Comparisons of operating AB power (kW), resulting from three different published sources, for ships involved 
in the emissions study, together with results from a small survey of ships berthed in PoM in 2018. The values labelled 
“Starcrest 2017” are averages of the values given in PoLA (2017) and PoLB (2017); the values labelled “IMO 2015” are 
from Smith et al. (2015); the values labelled “EPA 2009” are from US-EPA (2009a), with some modifications as described 
in Goldsworthy and Goldsworthy (2015). 

 

5.3.3. Port visits 

Local port authorities keep records of ship visits and internal ship movements within the boundaries 

of the ports for which they are responsible. This independent data source is used to evaluate the 

ship activity that is derived from the AIS data. A list of unique ships that visited at least one of the 

four ports in 2016 was derived from various data provided by the port authorities. The same ships 

were also identified in the AIS data. A total of 1117 unique ships were identified as having visited at 
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least one of the four ports. Detailed data from the port authorities on ship visits and internal ship 

movements are only available for GP and PoM within Port Phillip Bay. 

Port visits from the AIS data are counted when ships enter a port and subsequently achieve berthed 

status. Goldsworthy and Goldsworthy (2015) used this method because of examples of Australian 

ports, such as Hay Point, which have a boundary that runs through the middle of a line of designated 

anchorages, so that ships drifting at anchor can cross the port boundary multiple times. These visits 

have therefore been referred to as berthed visits or moored visits. A ship that only berths in GP on a 

single visit to Port Phillip Bay will transit through PoM, and also potentially anchor in PoM, but is not 

counted as a visit to PoM. The data from the port authorities assigns a unique Visit Identification 

Number (VIN) to each visit to Port Phillip Bay. This VIN is used for multiple internal movements 

including between the two ports. The Ports data are reinterpreted for consistency with the AIS data 

by first assigning a port to each location. For each VIN, multiple consecutive entries in time ordered 

sequence with the same port are then consolidated into a single counted entry. 

 

Table 5.4: Comparison of port visits identified using AIS data and Ports data, by port and vessel type. The Ports data 
were derived from data provided by the local port authorities. 

Port Vessel type AIS data Ports data Difference 

Geelong 

Bulk Carrier 208 206 2 

Container 27 27 0 

Crude Oil Tanker 94 84 10 

General Cargo 27 27 0 

Miscellaneous 15 17 –2 

Passenger 0 2 –2 

Products/Gas/Chemical Tanker 202 155 47 

Total 573 518  

Melbourne 

Bulk Carrier 189 189 0 

Container 1086 1092 –6 

Crude Oil Tanker 33 33 0 

General Cargo 57 56 1 

Miscellaneous 120 21 99 

Passenger 485 497 –12 

Products/Gas/Chemical Tanker 254 206 48 

Ro-Ro Cargo 612 615 –3 

Vehicles Carrier 359 362 –3 

Total 3195 3071  

 

Port visits from the two data sources are compared for each vessel type in Table 5.4. More detailed 

comparisons by vessel type and vessel capacity are provided in the Appendix (see Table 5.6). The 

visit counts from the two sources show close agreement with some obvious exceptions. In cases 

where there are fewer visits from the AIS data, the discrepancies are small and could be associated 

with short visits during periods of missing AIS data, which include three periods of one day and one 

period of three days. The largest discrepancy of this kind is for passenger ships at PoM, with 12 
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fewer visits identified from the AIS data, nine of which are in the capacity range associated with the 

two Bass Strait ferries, which typically make short visits of less than a day. 

The visit counts from the Ports data have 10 fewer visits to GP by large crude oil tankers in the 

80,000 to 119,999 DWT range. The anchorages at Corio Bay in GP are only available to ships with 

shallow drafts. Larger ships anchor in PoM at the Outer Anchorage sites, or at additional sites near 

the Point Richards Channel Entrance Beacon. The method that is used to extract PoM visits from the 

Ports data excludes PoM anchorages, so that visit counts do not include ships that anchor in PoM 

without berthing, because they are subsequently bound for GP. The same method is used to extract 

visits to GP, except the PoM anchorages are retained, to allow for ships that move from berths in GP 

to anchorages in PoM, and subsequently return to berths in GP. The smaller number of visits for 

large crude oil tankers that were obtained from the Ports data could be associated with under-

recording of these types of internal ship movements. 

The visit counts from the Ports data also have fewer visits to both ports by products tankers. These 

discrepancies are largely due to small products tankers in the 5000 to 9999 DWT range, with 48 

fewer visits to GP and 47 fewer visits to PoM. Inspection of the two data sources reveals that these 

discrepancies are almost entirely associated with two small products tankers that were operating 

within Port Phillip Bay as bunkering barges. The AIS data identified a larger number of internal 

movements of these ships between the two ports than was extracted from the Ports data, with 48 

additional visits to GP and 46 additional visits to PoM. The other instance where the AIS data have a 

larger number of additional visits is for miscellaneous vessels at PoM. This discrepancy is associated 

with small vessels with activity that is not recorded in the Ports data, an example of which is a short 

period of intense activity by a landing craft. 

5.3.4. Fuel consumption and exhaust emissions 

5.3.4.1. Annual totals 

Total annual fuel consumption and exhaust emissions by port for the 2016 calendar year are shown 

in Table 5.5. The listed emissions include three greenhouse gases and substances that affect air 

quality, although chemical transport modelling requires further speciation of NOx, particles and VOC 

emissions. High SO2 emissions are associated with the sulfur content of the fuel, which also increases 

PM2.5 emissions and contributes to secondary particle formation and growth. The combustion 

conditions in marine diesel engines result in high NOx emissions. Port of Melbourne is by far the 

busiest of the four ports, followed by GP, PoP and PoH. These totals are associated with the activity 

of multiple vessel types, involving the use of up to three basic machinery types during various 

operating modes. This decomposition is also relevant to the spatial distribution of the emissions, 

given that transits can occur along defined routes, anchorages are located in designated areas, and 

berths often accommodate particular vessel types. 
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Table 5.5: Fuel consumption and exhaust emissions (tonnes/annum) by port for 2016. 

Port Fuel NOx SO2 PM2.5 VOC CO NH3 CO2 N2O CH4 

Geelong 12,409.84 454.43 677.31 58.36 15.05 39.02 0.11 39,587.11 2.30 0.19 

Hastings 1851.71 74.38 81.21 7.07 2.29 6.29 0.02 5906.94 0.34 0.04 

Melbourne 77,702.81 4349.00 4349.61 445.43 105.79 284.60 0.91 247,871.62 12.78 1.64 

Portland 3286.19 129.60 149.86 13.70 4.75 12.74 0.03 10,482.94 0.55 0.05 

 

Primary PM2.5 emissions by port, operating mode and machine type are shown in Figure 5.4. The 

long transits across Port Phillip Bay at significant speed results in emissions during transit being 

higher than the other modes for PoM. These emissions are dominated by main engines, which also 

contribute a smaller proportion of emissions during low-load/manoeuvring. Total ME emissions are 

of a similar magnitude to the combined emissions from auxiliary engines and auxiliary boilers. For 

the other ports, the berthed mode yields the highest emissions because of the extended time at 

berth compared with the time to transit the port waters. While at berth, auxiliary engines are 

operating to generate electricity for various purposes, which can include lighting, pumps, control 

systems, cooking, heating and cargo handling. Auxiliary boilers are used to keep the fuel liquid in the 

storage tanks, for cargo heating, other heating, and in some tankers to drive steam turbines for 

cargo pumping. The berthed emissions can occur close to populated areas. 
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Figure 5.4: Primary PM2.5 emissions (tonnes/annum) by port, operating mode and machine type. Manoeuvring is used 
here as an abbreviated form of Low-Load/Manoeuvring. 

 

Primary PM2.5 emissions by port and vessel type are shown in Figure 5.5. Container ships have the 

largest emissions for PoM, followed by passenger vessels, Ro-Ro cargo, products/gas/chemical 

tankers, crude oil tankers and vehicles carriers. The passenger vessels include the Bass Strait ferries 

and cruise ships. The Ro-Ro cargo vessel type includes the cargo ships crossing Bass Strait as part of 

the Tasmanian coastal trade. Emissions for GP are dominated by crude oil tankers, followed by bulk 

carriers and products/gas/chemical tankers. Ships travelling to and from GP will transit through 

PoM, and larger ships can anchor in PoM before visiting GP. This activity will obviously contribute to 

emissions from these vessel types for PoM. Emissions for PoP are dominated by bulk carriers, and 

emissions for PoH are dominated by products/gas/chemical tankers. 
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Figure 5.5: Primary PM2.5 emissions (tonnes/annum) by port and vessel type. Other Tanker is used here as an 
abbreviated form of Products/Gas/Chemical Tanker. Totals for each port are provided in Table 5.5. 

 

Sulfur dioxide emissions within the boundaries of PoM, GP and PoH are shown in Figure 5.6 using an 

approximately 1 km × 1 km spatial grid. The main transit routes are clearly evident, including along 

South Channel, which extends between the entrance to Port Phillip Bay and the main Shipping 

Fairway that leads to the PoM berths. Two additional routes are evident from the eastern end of 

South Channel, firstly toward the entrance to GP and secondly toward the Outer Anchorage area in 

PoM. The transit through GP follows a well-defined and narrow channel. The PoM anchorage areas 

are evident to the southwest of the berth areas, which are clustered near the central business 

district. Ships also anchor at sites near the entrance to GP. An additional transit route to the 

entrance of GP is evident to the north of the main anchorage areas in PoM. Whereas the transit and 

anchorage emissions are spatially extensive, the berthed emissions occur in small regions with high 

activity, resulting in spatial cells with relatively high emissions. 
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Figure 5.6: Sulfur dioxide emissions (tonnes/annum) for 2016 at approximately 1 km × 1 km (0.01° × 0.01°) resolution, 
within the boundaries of PoM, GP and PoH. The inset shows the PoM berths in greater detail. 

 

The berthed emissions for PoM can be seen in the smaller scale inset in Figure 5.6. The spatial cell 

with the highest emissions is at Swanson Dock, which has Australia’s largest international container 

terminal. Goldsworthy and Goldsworthy (2015) found this activity resulted in the highest emissions 

of any spatial cell in a larger Australia wide study region, at approximately 2 km × 2 km for an earlier 

annual period from July 2010 to June 2011. Two spatial cells associated with Station Pier have the 

next highest combined emissions for PoM, followed by Webb Dock, Gellibrand Pier and Holden 

Dock. The activity at Station Pier is associated with passenger vessels. The Bass Strait ferries berth at 

Station Pier East, which has the highest emissions for passenger vessels. The emissions at Webb 

Dock are dominated by Ro-Ro cargo ships and vehicles carriers. Gellibrand Pier accommodates crude 

oil tankers and Holden Dock accommodates products/gas/chemical tankers. 

5.3.4.2. Auxiliary power schemes 

Emissions obtained using the auxiliary power scheme documented in Table 5.1, Table 5.2 and Table 

5.3 are compared with emissions from the auxiliary power scheme previously used by Goldsworthy 

and Goldsworthy (2015), which is based on US-EPA (2009a). Main engine emissions are treated 

identically in both cases, so that differences between the two approaches are entirely due to 

differences in AE and AB emissions. The AE power schemes are identical for Ro-Ro cargo ships, 

vehicles carriers and miscellaneous vessel types. Further, auxiliary boilers are not assigned to 

miscellaneous vessels. Differences for Ro-Ro cargo ships and vehicles carriers are therefore due to 

differences in AB power, and there are no differences for the miscellaneous vessel type. Differences 
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between the auxiliary power schemes vary with vessel type, vessel size and operating mode. The 

impact on the estimated emissions will also depend on the level of activity by vessel type, vessel size 

and operating mode. These considerations apply to both the emissions totals and the spatial 

distribution of the emissions, given that transits can follow defined routes, anchorages typically 

occur in designated areas, and berths often accommodate particular vessel types. 

 

 

Figure 5.7: Comparison of auxiliary power schemes using NOx emission differences (tonnes/annum) for Port Phillip Bay, 
by vessel type, vessel capacity and operating mode. The scheme documented in Table 5.1, Table 5.2 and Table 5.3 is 
compared with the scheme previously used by Goldsworthy and Goldsworthy (2015), which is based on US-EPA (2009a). 
Positive differences indicate higher emissions from the new scheme. 

 

The auxiliary power schemes are compared using NOx emission differences for Port Phillip Bay, 

which are shown in Figure 5.7 by vessel type, vessel capacity and operating mode. Positive 

differences indicate higher emissions from the new scheme. Emissions for Port Phillip Bay are the 

combined emissions for PoM and GP. Differences for particular vessel types and capacities are due 

to a combination of differences between the auxiliary power schemes, and high levels of activity that 

can be inferred from the visit counts (see Table 5.6). There is an overall decrease in emissions using 

the new scheme, due to reduced emissions at berth and in low-load/manoeuvring, partially offset by 

increased emissions at anchor and during transit. Higher emissions at anchor are largely due to 

tankers, which also have an overall increase in emissions at berth. Reduced emissions at berth and 
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during low-load/manoeuvring are largely due to passenger vessels in the capacity range associated 

with the Bass Strait ferries, and container ships in the two largest capacity ranges to visit the ports. 

These ferries have large installed ME power, which results in larger AE power using the old scheme. 

For container ships in these two operating modes, the largest differences between the AE power 

schemes are at higher capacities. There are also large numbers of visits in each of these three 

combinations of vessel type and capacity. 

 

 

Figure 5.8: Comparison of auxiliary power schemes using SO2 emission differences (tonnes/annum) at approximately 
1 km × 1 km (0.01° × 0.01°) resolution. The scheme documented in Table 5.1, Table 5.2 and Table 5.3 is compared with 
the scheme previously used by Goldsworthy and Goldsworthy (2015), which is based on US-EPA (2009a). Positive 
differences indicate higher emissions from the new scheme. The inset shows the PoM berths in greater detail. 

 

Differences in SO2 emissions between the two auxiliary power schemes are shown in Figure 5.8. For 

berthed emissions, the largest reductions are at Swanson Dock due to container ships, and Station 

Pier East due to the Bass Strait ferries. There is an increase immediately to the west of Station Pier, 

which is consistent with cruise ships berthing at Station Pier West. There are also increases at Webb 

Dock and Appleton Dock due to general cargo and Ro-Ro cargo ships, Gellibrand Pier due to crude oil 

tankers, and Holden Dock due to products/gas/chemical tankers. Emissions are higher at Refinery 

Pier in GP due to tankers. For transit emissions, there are small increases on routes that tankers 

visiting GP would be expected use. There are small reductions on the main route to the PoM berths, 

which is consistent with an increase for container ships and tankers offset by a larger decrease for 

passenger vessels overall. The reductions are larger at the northern end of this route, which is 

consistent with larger reductions during low-load/manoeuvring. Lower emissions during low-
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load/manoeuvring can also be seen between the inner PoM berths. Higher emissions over the 

anchorage areas in PoM are primarily due to tankers. 

5.3.5. Sources of uncertainty 

There are sources of uncertainty associated with each aspect of the methodology that is used for 

calculating fuel consumption and exhaust emissions, including the operating power of the three 

machinery types, the ship activity that is determined using the AIS data, and the BSFC and emissions 

factors. The use of AIS activity data to track individual ships, together with ship specific technical 

data, makes an important contribution to reducing uncertainty. Ship specific information is usually 

available for main engines, including engine type and installed power, and the AIS data allow ship 

speed and location to be updated frequently. The ship speed is used to calculate the ME load, and 

the ship speed and location are used to assign operating modes. These calculations also use the ship 

service speed. The operating powers of auxiliary engines and auxiliary boilers are derived from 

generalised default tables, by vessel type, vessel size and operating mode. The actual fuel sulfur 

content for any individual vessel is not known as there is no single value for the fuel type used. The 

sulfur content of RO can typically range from 2.5% by mass to 3.5% by mass. Uncertainties in the 

emissions factors are as large as 50% for quantities such as PM2.5 (Cooper and Gustafsson, 2004). 

This variability can be produced by differences in engine design, varying stages of maintenance, 

differing fuel properties and atmospheric conditions. 

There is some uncertainty in the calculated ME load, particularly at speeds that are distant from 

service speed. The influences of currents, waves, wind, hull/propeller fouling, trim, squat, cargo 

load, engine condition and fuel quality have not been modelled. A vessel whose progress is being 

retarded by the wind, waves or currents will operate with higher ME power than is required when 

operating at the same speed in favourable conditions. Jalkanen et al. (2009) modelled the effect of 

waves and concluded that, while the effect for an individual vessel can be an increase in fuel 

consumption as high as 10% to 20%, the overall effect on the estimated emissions over extensive 

geographical regions is negligible. The influence of currents will vary regionally and will be greatest 

in regions with strong currents. The influence of engine load transients on emissions has not been 

taken into account, although it would be possible to use the closely spaced activity data to calculate 

accelerations and decelerations and then adjust the ME load accordingly. This refinement would 

require detailed analysis of the emissions from propulsion engines during such transients because 

these data are not readily available. Fuel consumption and exhaust emissions from dredges and tugs 

will be underestimated because operating power is not a simple function of speed. Both vessel types 

can operate at high power while nearly stationary. 

Auxiliary electrical power needs can vary considerably according to factors such as the weather and 

cargo requirements. The number of refrigerated containers on any particular ship is usually not 

known. Some studies have assumed that refrigerated containers consume an average of 2.7 kW/TEU 

with a potential variability of 60% (e.g., Fitzgerald et al., 2011). The electrical power required for 

refrigeration and air conditioning can vary with local air temperature and humidity. If ships are using 

their own cargo cranes or electrically driven hydraulic pumps for cargo or ballast, then electrical 

power needs will rise accordingly. The Bass Strait ferries use higher electrical power at berth during 

unloading and loading for forced ventilation of their vehicle decks. This detail could be included to 
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improve the accuracy of hourly emissions. A representative average AE power at berth is used in this 

study to obtain annual results. During the stages of manoeuvring close to berth, bow thrusters will 

be used intermittently, and the assignment of a single value of AE power for manoeuvring is only an 

approximation to the real situation. However, this stage of manoeuvring does not constitute a large 

proportion of the time spent in port. Some vessels may also need to run thrusters simply to maintain 

position at berth if cross winds are high. The use of shaft generators is not modelled, and if included 

would slightly reduce fuel consumption but increase NOx emissions. 

Ship exhaust emissions can be underestimated due to periods of missing AIS activity data. Hourly 

position report counts are used to identify 191 h of missing AIS data spread across 10 gap periods, 

including three periods of one day and one period of three days. The identified gap time could be 

used to adjust the annual emissions by multiplying the non-gap totals with a small completion factor 

of approximately 1.02, which is the ratio of the number of hours in the 2016 calendar year to the 

number of hours with data. However, the actual impact on the estimated emissions will depend on 

the detailed nature of the missed activity. The visit data maintained by the local port authorities are 

a useful independent data source for evaluating the activity that is derived from the AIS data. Similar 

considerations apply if there are regional gaps in the AIS data, in which case emissions can be 

substantially underestimated unless care is taken to steer interpolated ship tracks around land and 

other obstacles (Goldsworthy, 2017). The speed that is used for calculating the ME load is the travel 

speed of each track edge, derived from the distance and duration. This speed is subject to possible 

errors in the reported position. Goldsworthy and Goldsworthy (2015) describe the methods that are 

used to identify and correct speed anomalies. In some instances, it may be necessary to use generic 

ship technical details, if there are missing data for identified ships, or if some of the AIS data cannot 

be assigned to identified ships. 

While it is important to quantify uncertainty, the variability that is associated with many of the 

individual sources is at present poorly understood. Studies that have used Monte Carlo simulation 

for forward uncertainty propagation have therefore been limited in scope, and have only included a 

small subset of the different sources of uncertainty (e.g., Liu et al., 2016). Improved outcomes can be 

achieved with more accurate information, especially on emissions factors, the actual power and fuel 

consumption of auxiliary engines and auxiliary boilers, and fuel sulfur content. The IMO has been 

active in reducing ship exhaust emissions. There is a potential source of useful data in the NOx 

Technical File for individual ships, which provides technical information that is relevant to ship 

specific NOx emissions. The need to reduce greenhouse gas emissions has resulted in the EEDI for 

new ships and a working SEEMP for all ships. The impact of these measures needs to be accounted 

for in emissions calculations, and there is also the potential that these measures can provide useful 

data for individual vessels. It is recommended that further extensive surveying be carried out to 

facilitate modelling of the magnitude and variability in machinery power, fuel consumption and 

emissions. One aim would be to have thorough vessel specific data including factors that produce 

variability between individual vessels. 

5.4. Conclusions 

Port of Melbourne is the busiest of the four Victorian ports, followed by GP, PoP and PoH. Ship 

exhaust emissions within GP, PoP and PoH are dominated by AE and AB emissions, due to the 
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extended time at berth compared with the time required to transit the port waters. The combined 

AE and AB emissions for PoM, which has long transits within its boundaries, are of a similar 

magnitude to ME emissions. Container ships have the largest emissions for PoM, followed by 

passenger vessels, Ro-Ro cargo ships, products/gas/chemical tankers, crude oil tankers and vehicles 

carriers. Emissions for GP are dominated by crude oil tankers, followed by bulk carriers and 

products/gas/chemical tankers. Emissions for PoP are dominated by bulk carriers, and emissions for 

PoH are dominated by products/gas/chemical tankers. Whereas transit and anchorage emissions are 

spatially extensive, berthed emissions occur in small regions with high activity, resulting in spatial 

cells with relatively high emissions. The largest emissions for PoM are at Swanson Dock, which has 

Australia’s largest international container terminal, followed by Station Pier due to passenger 

vessels, Webb Dock due primarily to Ro-Ro cargo ships and vehicles carriers, Gellibrand Pier due to 

crude oil tankers, and Holden Dock due to products/gas/chemical tankers. 

Results from a small survey of ships berthed in PoM in 2018 are consistent with more extensive 

survey data, including from the Starcrest VBP, which show that operating AE power does not 

necessarily increase with vessel size or installed ME power. An auxiliary power scheme that includes 

these newer data sources is adopted, and the resulting emissions are compared with emissions from 

an earlier scheme in which AE power increases with installed ME power. The new scheme also 

allows AB power to vary with vessel size. The largest differences in emissions between the two 

schemes are due to a combination of differences in operating power, and high levels of activity that 

can be inferred from the port visits. The new scheme produces lower emissions for Port Phillip Bay, 

due to lower emissions at berth and in low-load/manoeuvring, partially offset by higher emissions at 

anchor and during transit. Higher emissions at anchor are largely due to tankers, which also have an 

overall increase in emissions at berth. Higher emissions at berth also occur due to cruise ships, 

general cargo and Ro-Ro cargo ships. Reduced emissions at berth and during low-load/manoeuvring 

are largely due to passenger vessels in the capacity range associated with the Bass Strait ferries, and 

container ships in the two largest capacity ranges to visit the ports. 

Improved outcomes can be achieved with more accurate information, especially on emissions 

factors, the actual power of auxiliary engines and auxiliary boilers, and fuel sulfur content. Data from 

the local port authorities on ship visits and internal ship movements are useful for evaluating the 

activity that is derived from the AIS data. The close agreement between the two data sources 

increases confidence in the thoroughness of the AIS data. The auxiliary power defaults that are used 

in this study are derived from survey data, and are grouped by vessel type, vessel size and operating 

mode. While there will obviously be variability within each grouping, this variability cannot be 

assessed because the source data are not available. It is recommended that further extensive 

surveying be carried out to facilitate modelling of the magnitude and variability in machinery power, 

fuel consumption and emissions. One aim would be to have thorough vessel specific data including 

factors that produce variability between individual vessels. An improved understanding of this 

variability will also assist in quantifying the uncertainty in the estimated emissions. 



110 

 

5.5. Acknowledgements 

The Australian Maritime Safety Authority provided the AIS data, and also facilitated the small local 

survey of ships berthed in Port of Melbourne. The ship technical data were provided by IHS Markit 

Maritime & Trade. 

5.6. Appendix A. Port visits 

Port visits derived from AIS data and Ports data are compared in Table 5.6 by port, vessel type and 

vessel capacity. Ports data are only available for PoM and GP. 
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Table 5.6: Comparison of port visits identified using AIS data and Ports data, by port, vessel type and vessel capacity. The 
Ports data were derived from data provided by the local port authorities. 

Port Vessel type and capacity AIS data Ports data Difference 

Geelong 

Bulk Carrier: 0–9999 DWT 4 4 0 

Bulk Carrier: 10,000–34,999 DWT 54 53 1 

Bulk Carrier: 35,000–59,999 DWT 101 101 0 

Bulk Carrier: 60,000–99,999 DWT 49 48 1 

Container: 0–999 TEU 11 11 0 

Container: 2000–2999 TEU 16 16 0 

Crude Oil Tanker: 20,000–59,999 DWT 3 3 0 

Crude Oil Tanker: 60,000–79,999 DWT 1 1 0 

Crude Oil Tanker: 80,000–119,999 DWT 90 80 10 

General Cargo: 0–4999 DWT 1 1 0 

General Cargo: 5000–9999 DWT 6 6 0 

General Cargo: 10,000+ DWT 20 20 0 

Miscellaneous 15 17 –2 

Passenger: 0–1499 PGR 0 2 –2 

Products/Gas/Chemical Tanker: 5000–9999 DWT 99 51 48 

Products/Gas/Chemical Tanker: 10,000–19,999 DWT 33 33 0 

Products/Gas/Chemical Tanker: 20,000–59,999 DWT 68 69 –1 

Products/Gas/Chemical Tanker: 60,000–79,999 DWT 2 2 0 

Total 573 518  

Melbourne 

Bulk Carrier: 10,000–34,999 DWT 159 159 0 

Bulk Carrier: 35,000–59,999 DWT 28 28 0 

Bulk Carrier: 60,000–99,999 DWT 2 2 0 

Container: 0–999 TEU 63 63 0 

Container: 1000–1999 TEU 100 100 0 

Container: 2000–2999 TEU 76 76 0 

Container: 3000–4999 TEU 568 571 –3 

Container: 5000–7999 TEU 279 282 –3 

Crude Oil Tanker: 20,000–59,999 DWT 2 2 0 

Crude Oil Tanker: 80,000–119,999 DWT 24 24 0 

Crude Oil Tanker: 120,000–199,999 DWT 7 7 0 

General Cargo: 5000–9999 DWT 1 1 0 

General Cargo: 10,000+ DWT 56 55 1 

Miscellaneous 120 21 99 

Passenger: 0–1499 PGR 413 422 –9 

Passenger: 1500–1999 PGR 32 34 –2 

Passenger: 2000–2499 PGR 11 11 0 

Passenger: 2500–2999 PGR 3 3 0 

Passenger: 3000–3499 PGR 24 25 –1 

Passenger: 3500–3999 PGR 2 2 0 

Products/Gas/Chemical Tanker: 0–4999 DWT 1 1 0 

Products/Gas/Chemical Tanker: 5000–9999 DWT 94 47 47 

Products/Gas/Chemical Tanker: 10,000–19,999 DWT 71 71 0 

Products/Gas/Chemical Tanker: 20,000–59,999 DWT 78 77 1 

Products/Gas/Chemical Tanker: 60,000–79,999 DWT 8 8 0 

Products/Gas/Chemical Tanker: 80,000–119,999 DWT 2 2 0 

Ro-Ro Cargo: 5000+ GT 612 615 –3 

Vehicles Carrier 359 362 –3 

Total 3195 3071  
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Chapter 6. 

Comparison of large-scale ship exhaust emissions across multiple 

resolutions: From annual to hourly data 

 

This chapter has been submitted to the journal Atmospheric Environment and at the time of writing 

is under review. The citation for the research article is: 

Goldsworthy, B., Enshaei, H., Jayasinghe, S., 2019. Comparison of large-scale ship exhaust emissions 

across multiple resolutions: From annual to hourly data. Atmospheric Environment. Under 

Review, 2019. 
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Abstract 

Ship exhaust emissions need to be calculated at fine spatial and temporal resolutions because 

chemical transport processes depend on meteorological conditions that have a high degree of 

spatial and temporal variability. These emissions can also occur in environments that are affected by 

spatially and temporally varying emissions from other sources. Ship exhaust emissions are calculated 

using activity data from the Automatic Identification System. The activity data are combined with 

ship specific technical data. Hourly emissions are obtained for 2014 over the region within 300 km of 

Sydney at approximately 1 km resolution. These data are aggregated regionally and by vessel type to 

examine variability at different temporal resolutions. Cruise ship emissions vary both seasonally and 

diurnally, with low activity in winter and high activity in spring and summer. Diurnal variability is 

associated with a preference for hoteling at berth during the day and cruising at sea overnight. 

Emissions from the Sydney Harbour ferries have a strong but more complex diurnal variation that is 

affected by work related commuting. Monthly variability is also described for other ship types that 

visited the four major ports in the region. Spatial cell activity hours are analysed to explain large 

differences in the average spatial extent of the emissions at different temporal resolutions, the 

accuracy with which the hourly emission rates are estimated using longer term emissions, and the 

suitability of generalised temporal profiles to describe the emissions data. Regression analysis is 

used to model the spatial extent of the hourly and daily emissions. 

Keywords:  Ship exhaust emissions; AIS activity data; Regional inventory; Time varying emissions; 

Gridded hourly emissions; Gridded activity hours. 

6.1. Introduction 

Ship exhaust emissions contribute to air pollution that has adverse health impacts such as 

premature mortality, climate impacts (e.g., Eyring et al., 2010) and other environmental impacts 

such as acidification (e.g., Hassellöv et al., 2013) and eutrophication (e.g., Jonson et al., 2015) of 

waterways. It is well established that long term exposure to fine particulate matter (PM2.5) is 

associated with premature mortality (e.g., Dockery et al., 1993; Pope et al., 2002). Most of the fuel 

used by ships in the Australian region is derived from crude oil refining residue. This fuel has a high 

sulfur content, which increases PM2.5 emissions and contributes to secondary particle formation 

and growth. Marine diesel engines also have high emissions of oxides of nitrogen (NOx). A high 

proportion of ship exhaust emissions occur in coastal areas close to large populations, and ports are 

often located in coastal cities. It has been estimated that 70% of global ship exhaust emissions occur 

within 400 km of the coast (Corbett et al., 1999). Most of the Australian population lives near the 

coast, with 85% of the population living within 50 km of the coast in 2001 (ABS, 2004). Studies of 

monitoring data in the United States and Europe have estimated the contribution from ships to 

ambient PM2.5 near ports to range from 1% to 17% (Agrawal et al., 2009; Viana et al., 2009; Contini 

et al., 2011; Pandolfi et al., 2011; Cesari et al., 2014). Similar estimates for China range from 3% to 

25% of ambient PM2.5 (Yau et al., 2013; Zhang et al., 2014; Tao et al., 2017). 

Assessing exposure to air pollution involves determining pollutant concentrations at locations that 

are not monitored, and can also involve estimating the contribution from specific sources. Methods 

that use monitoring data to obtain spatially detailed exposure estimates include spatial interpolation 
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and more sophisticated land-use regression modelling (e.g., Hoek et al., 2008). Using chemical 

tracers for source apportionment can involve applying positive matrix factorisation to reduce a large 

number of measured elements in particulate matter into source groups and sample contributions 

(e.g., Isley et al., 2018). This approach is limited to particulate matter, the tracers for ships can also 

be associated with other emission sources, and it is difficult to quantify source contributions to 

secondary components (e.g., Viana et al., 2014). Chemical transport modelling can address these 

issues, producing spatially detailed exposure fields that are attributable to specific sources, including 

for multiple pollutants. In addition to modelling chemical transport processes, meteorological data 

and relevant emissions from both natural and anthropogenic sources are used as inputs. Accurate 

spatial and temporal allocation of emissions is important because chemical transport processes are 

dependent on the setting in which the emissions occur. This setting includes the composition of the 

planetary boundary layer, the emissions generated by multiple sources and meteorological 

conditions that have a high degree of spatial and temporal variability. 

Methods for calculating emissions from anthropogenic sources can involve using activity based 

methods to obtain regional and annual totals, which are then disaggregated using spatial patterns 

and temporal profiles (e.g., Matthias et al., 2018). Temporal profiles have been used for example to 

describe monthly variation within a year, daily variation within a week and hourly variation within a 

day. Similar methods have been used in recently updated inventories (e.g., Zhong et al., 2018). These 

types of activity-based method are often referred to as “bottom-up”, even though they do not 

resolve small single emitters, such as individual road vehicles, and the spatial and temporal 

disaggregation is inherently “top-down”. These methods may resolve large single sources, such as 

industrial sites and power stations. Methods for calculating ship exhaust emissions use activity data 

from the Automatic Identification System (AIS). The AIS activity data are combined with ship specific 

technical data to calculate emissions for individual ships (e.g., Jalkanen et al., 2009; Olesen et al., 

2010; Goldsworthy and Goldsworthy, 2015). Gridded emissions are obtained by rasterising individual 

ship tracks. The AIS data allow emissions to be calculated at both large scales and fine resolutions. 

Ship exhaust emissions have been calculated at spatial resolutions down to approximately 500 m (Ng 

et al., 2013; Chen et al., 2017). Ship exhaust emissions with hourly temporal resolution and multiple 

spatial resolutions were used with chemical transport modelling to assess ship-related health 

impacts on the east coast of Australia (Broome et al., 2016). 

Calculating emissions at spatial resolutions of approximately 1 km or less can be sufficient to resolve 

individual wharves, docks and anchorages, which allows for detailed analysis of the results (e.g., 

Goldsworthy and Goldsworthy, 2019). Chemical transport modelling at these resolutions can also 

improve exposure estimates, because spatial gradients of pollutant concentrations are more 

accurately resolved (e.g., Broome et al., 2016). However, it is unlikely that chemical transport 

modelling would require ship exhaust emissions at spatial resolutions of 500 m or similar over large 

regions. The spatial resolution that is used with chemical transport models is affected by the size of 

the region under study. Coarser resolutions are used over larger regions because of the additional 

computational effort associated with using finer resolutions. Thompson and Selin (2012) reported 

that modelling air quality at 36 km resolution was on average 300 times more computationally 

efficient than simulations for the same period and region at 2 km resolution. Limited area modelling 

can potentially use global models to provide lateral boundary conditions, and may also use multiple 

nested domains with progressively finer resolutions to assist with down-scaling to detailed grids 
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(e.g., Broome et al., 2016; Chen et al., 2018). Calculating emissions at fine resolutions over large 

regions has the advantages that it is easy to aggregate to coarser resolutions, while also being able 

to use the available finer resolution over any desired sub-region. An alternative approach would be 

to calculate several sets of emissions at different spatial resolutions to match the nested domains 

that are used with specific regional modelling applications. 

In addition to varying requirements for spatial resolution, the temporal detail that can be obtained 

using AIS data is often reduced or simplified for various reasons. Top-down methods for impact 

assessment have used monthly and annual ship exhaust emissions aggregated over specific regions 

(e.g., Song, 2014; Tichavska and Tovar, 2015a). Studies that include chemical transport modelling 

might also choose to use less detailed emissions. Jonson et al. (2015) used monthly aggregated ship 

exhaust emissions for 2009 and 2011 so as to remove shorter term fluctuations, because the 

meteorological data that was used was for 2010. Aulinger et al. (2016) calculated ship exhaust 

emissions for 2011 using AIS data down-sampled to hourly intervals, and then aggregated over 

weekly intervals to obtain a temporal profile. Subsequent chemical transport modelling used 

meteorological data for 2008. The future activity of individual ships is not known, so that projected 

future emissions cannot be derived from the bottom up, based on the actual activity of individual 

ships. However, future emissions have been derived using information from earlier emission 

estimates (e.g., Matthias et al., 2016). Similar considerations would apply if ship exhaust emissions 

are to be used in numerical air quality forecasting systems. Cope et al. (2004) describe the initial 

development of the Australian numerical air quality forecasting system. Kukkonen et al. (2012) 

review a large selection of similar models that have been used in Europe. 

The ship exhaust emissions that have been derived using AIS data have been presented with various 

levels of temporal detail. Emission inventories are often presented using annual totals, which are 

also used to describe the spatial structure of the emissions (e.g., Goldsworthy, 2017). Monthly and 

weekly emissions totals have been presented for specific regions. Monthly totals have been 

presented for the Baltic Sea from 2006 to 2009 (Jalkanen et al., 2009; Jalkanen et al., 2014) and for 

port-cluster regions in China and by ship type in 2014 (Chen et al., 2017). Fan et al. (2016) included 

spatial patterns at approximately 1 km resolution over the Yangtze River Delta and East China Sea for 

one month in each season in 2010. Weekly totals by ship type have been presented for the Emission 

Control Areas of the Baltic Sea and North Sea in 2009 and 2011 (Johansson et al., 2013) and for the 

broader European sea areas in 2011 (Jalkanen et al., 2016). Diurnal profiles by ship type have been 

obtained using hourly emissions for ships operating in regions associated with Hong Kong and the 

Pearl River Delta (Ng et al., 2013; Li et al., 2016). These profiles are effectively based on regional 

totals and do not necessarily apply to specific spatial cells. Model evaluation has included 

comparisons between modelled and measured fuel consumption for individual ships, over various 

time periods (Jalkanen et al., 2009; Jalkanen et al., 2012) and for in-port and at-sea voyage segments 

across multiple consecutive voyages (Goldsworthy and Goldsworthy, 2015). 

Hourly ship exhaust emissions are required because chemical transport processes are affected by 

diurnally varying meteorological conditions, including levels of solar irradiance, air temperature, 

vertical stability, and wind patterns associated for example with sea breezes and land breezes. The 

environment in which the emissions occur can also be affected by time varying emissions from other 

sources. While the spatial detail that can be obtained using AIS data is often emphasised, the 
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available temporal detail has received less attention. This study examines ship exhaust emissions at 

spatial resolutions down to approximately 1 km, and at annual, monthly, weekly, daily and hourly 

resolutions, for the 2014 calendar year over the region within 300 km of Sydney. This region has four 

significant ports and major coastal shipping channels. The study includes an analysis of the accuracy 

with which the hourly emissions can be estimated using longer term emissions. These estimates use 

a spatial structure provided by the longer-term emissions, together with assumed temporal profiles. 

Similar estimates might be used for example if the available meteorological data are for a different 

period, if the available emissions data have a coarser temporal resolution, in making future emission 

projections because the future activity of individual ships is not known, and if ship exhaust emissions 

are to be used in numerical air quality forecasting systems. 

6.2. Materials and methods 

6.2.1. Overall 

The methodology for calculating ship exhaust emissions and fuel consumption is developed from 

previous work (Goldsworthy and Goldsworthy, 2015; Goldsworthy, 2017; Goldsworthy and 

Goldsworthy, 2019). Similar approaches are widely used internationally (e.g., Jalkanen et al., 2009; 

Olesen et al., 2010; Smith et al., 2015; Chen et al., 2017). The methods are based on the use of AIS 

activity data, which is used to track individual ships, and allows emissions to be calculated at both 

large scales and fine resolutions. The activity data are combined with relevant technical data on the 

identified ships. Detailed annual emissions are obtained for the four major New South Wales (NSW) 

ports. Port visits and vessel counts are compared with data provided by the local port authorities. 

Hourly fuel consumption and emissions are obtained at approximately 1 km resolution over the 

region within 300 km of Sydney. These data are aggregated regionally and by vessel type to examine 

variability at different temporal resolutions. Spatial cell activity hours are analysed to explain 

differences in the average spatial extent of the emissions at different temporal resolutions, the 

accuracy with which the hourly emission rates are estimated using longer term emissions, and the 

suitability of generalised temporal profiles to describe the emissions data. Regression analysis is 

used to model the spatial extent of the hourly and daily emissions. 

6.2.2. Primary data inputs 

The Australian Maritime Safety Authority (AMSA) provided raw AIS data for the Australian region 

over the 2014 calendar year. The AIS activity data are combined with ship specific technical data to 

calculate engine loads. Operating modes are assigned using a combination of activity data, ship 

technical data and geographical data. Each AIS position report gives the ship identification, position, 

speed, course, heading and navigational status, and includes a timestamp. Ship type, ship size, ship 

age, main engine type, drive type, installed engine power, engine number and service speed were 

obtained for each vessel from the Sea-web database, to which access was provided by IHS Markit 

Maritime & Trade. This study focuses primarily on the region within 300 km of Sydney. 

The AIS position reports are more closely spaced than is required for calculating ship exhaust 

emissions and fuel consumption. The raw AIS data are first decoded, and the position reports are 

then down-sampled. The activity data are down-sampled to a specified minimum time-interval of 
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30 s between consecutive position reports for each vessel (Goldsworthy, 2017). The initial steps that 

are taken to process the position reports are summarised in Table 6.1. The down-sampling method 

removed approximately 68% of the position reports for vessels that entered the Australia wide study 

region, which extends between 5°S to 45°S and 105°E to 160°E. A proportion of the remaining 

position reports are outside the study region. A comparison is included for an earlier annual period 

from July 2010 to June 2011. The down-sampling method removed approximately 72% of the 

position reports for vessels that entered the region during 2010/11. The 2014 data set is 

substantially larger with approximately 62% more position reports after the initial processing. The 

number of identified vessels has increased from 7839 to 12,337. 

 

Table 6.1: Position report processing, prior to further processing of the track edges. The 2010/11 data are for the period 
from July 2010 to June 2011 and are from Goldsworthy (2017). 

 2014 2010/11 

Total 1,462,632,321 974,769,085 

Vessels do not enter region –24,090,069 –19,970,295 

Down-sampling –983,169,868 –691,724,194 

Outside region –34,340,686 –2,881,118 

Sub-total 421,031,698 260,193,478 

 

The subsequent steps that are taken to process the activity data are applied primarily to the track 

edges, which are sections of ship track that span consecutive position reports. Goldsworthy and 

Goldsworthy (2015) describe the speed-based check that is used to identify anomalies, the method 

that is used to generate replacement track edges for sequences of edges with speed anomalies, and 

the method that is used to convert sequences of zero-length edges into single edges. Goldsworthy 

(2017) describes the methods that are used with respect to data gaps, and the methods that are 

used to assign operating modes. Operating modes are specified as either “ignored”, “at anchor”, 

“berthed”, “transit”, or “low-load/ manoeuvring”. Emissions and fuel consumption are not 

calculated for the ignored category. Short-term and spatially widespread data gaps are identified 

using hourly position report counts. There are only 164 h of missing AIS data spread across 13 gap 

periods, including five periods of one day. 

6.2.3. Machinery power 

Ship exhaust emissions are produced by a combination of different machinery. Main engines are 

used for propulsion and in some configurations are also used to generate electricity. Smaller 

auxiliary engines are commonly used to generate electricity and boilers are used for various heating 

purposes. Boilers are operated using waste heat from the exhaust, and oiled fired auxiliary boilers 

are used when insufficient waste heat is available. During the different operating modes, ships will 

only use a proportion of the installed machinery power. Actual operating powers are required to 

calculate exhaust emissions and fuel consumption. Goldsworthy and Goldsworthy (2019) provide a 

detailed description of the methods that are used to obtain the operating powers of the three 

machinery types, and a summary is included here. 
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Reliable ship specific information is usually available for main engines, including installed power and 

engine type. Load factors based on ship speed are applied to the installed main engine (ME) power 

to obtain the actual or operating power. Load factors are obtained for each individual track edge, 

which are sections of ship track that span consecutive position reports. Each track edge is associated 

with a single ship. Brake Specific Fuel Consumption (BSFC) and emission factors are adjusted for ME 

loads <20%. Emission factors increase at low loads due to reduced fuel efficiency and increasing 

levels of incomplete combustion. A load balancing scheme is used for multi-engine vessels whereby 

low-load adjustments are only applied if the vessel is operating on a single engine below 20% load 

(Goldsworthy and Goldsworthy, 2019). Auxiliary engine (AE) emissions from diesel/electric ships are 

calculated using ME emission factors. Main and auxiliary engine NOx emissions are adjusted for 

global Tier I and Tier II requirements (IMO, 2008), based on engine type and ship age. 

Emissions from auxiliary engines and auxiliary boilers can be particularly important within ports, due 

to the extended time at berth compared with the time required to transit the port waters. Auxiliary 

engines are used to generate electricity for various purposes, which can include lighting, pumps, 

control systems, cooking, heating and cargo handling. Auxiliary boilers are used for fuel heating, 

cargo heating, other heating, and by crude oil tankers for steam driven cargo pumps and to supply 

exhaust gas to inert gas systems. While physical models exist for estimating propulsive power 

requirements, similar models are not available for estimating auxiliary power requirements. 

Goldsworthy and Goldsworthy (2019) use an auxiliary power scheme based primarily on extensive 

ship survey data, which have been reported in terms of ship type, binned ship-size and operating 

mode, and this scheme is also used here. Operating AE power is typically higher during manoeuvring 

to allow for the use of electrically driven thrusters as ships manoeuvre alongside. It is assumed that 

auxiliary boilers operate at ME loads <20%, when cooling of the ME exhaust makes economisers less 

effective. Crude oil tankers use high auxiliary boiler (AB) powers at berth to operate steam turbines 

for pumping cargo. A maximum of 30 h is allowed for cargo delivery during each port visit, after 

which the AB power at berth is reduced to the anchorage value. 

A further refinement is made to the auxiliary power scheme in the case of passenger vessels. 

Passenger vessels are classified as passenger/Ro-Ro, cruise ships and other passenger vessels. The 

Sydney Harbour ferries are distinguished within the other passenger category as harbour ferries. 

Goldsworthy and Goldsworthy (2019) specified auxiliary power defaults that are appropriate for the 

passenger/Ro-Ro and cruise ships that were involved in the associated case studies, which were for 

the ports in Victoria, Australia. However, the AE power defaults from the smallest capacity unit of 

<1500 passengers are too large for small ships that operate in other regions. For passenger/Ro-Ro 

and cruise ships with <1000 passengers, and for ships in the other passenger category, the AE power 

defaults are taken from the scheme used by Goldsworthy and Goldsworthy (2015), which is based on 

US-EPA (2009a) and allows for smaller values for smaller ships. The Sydney Harbour ferries do not 

have passenger cabins and the auxiliary-to-main engine power ratio is therefore reduced to 10%. It is 

also assumed that these ferries do not operate auxiliary boilers. 

6.2.4. Fuel type 

Ships almost exclusively operate on Residual Fuel Oil (RO), which is based on the residue from the 

crude oil refining process and is used because of its lower cost. This fuel generally has a high sulfur 
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content, which is taken to be 2.9% sulfur by mass, based on fuel supplied in Port of Melbourne 

(PoM) in 2016 (Goldsworthy and Goldsworthy, 2019). This value may be conservative, because many 

of the ships that visit Australian ports will refuel in Asia, where the fuel sulfur content is higher than 

the global average of around 2.7%. The requirement for cruise ships to use 0.1% low-sulfur fuel in 

Sydney Harbour (NSW-EPA, 2015; AMSA, 2018) was not in place during the 2014 inventory period. 

Some small vessels have High Speed Diesel (HSD) engines, which are assumed to use distillate with a 

sulfur content of 0.5% because they cannot use RO (Goldsworthy and Goldsworthy, 2015). These 

vessels make a small contribution to the total emissions. The Sydney Harbour ferries are assumed to 

use Ultra Low Sulfur Diesel (ULSD) with a sulfur content of 0.001% by mass (10 mg/kg) based on the 

Australian fuel standard for automotive diesel (DoEE, 2001). The fuel sulfur content affects the 

emission factors for both sulfur dioxide (SO2) and particulate matter. 

6.2.5. Aggregated emissions 

Aggregated emissions are obtained as weighted sums of the emissions for individual track edges. 

Track edges are sections of ship track that span consecutive position reports. Goldsworthy and 

Goldsworthy (2019) describe this approach for spatially gridded data and for emissions aggregated 

over regions such as ports. This study describes a further extension to the case of spatially and 

temporally gridded data. For spatially and temporally gridded data, each edge is assigned a 

collection of one or more spatial cell and temporal cell pairs. Each edge, spatial cell and temporal cell 

tuple is assigned a weight that gives the proportion of the edge that is associated with the spatial cell 

and temporal cell pair. The sum of the weights for each edge has unit value. Spatially and temporally 

gridded emissions are obtained as weighted sums of the individual edge emissions, grouping on 

spatial cells and temporal cells. Each track edge is also associated with a single ship and has other 

related properties. Aggregated emissions are therefore formed as weighted sums of individual edge 

emissions, grouping on other properties such as ship type, operating mode and machine type, in 

addition to spatial cells and temporal cells. 

6.2.6. Rasterisation 

Spatially and temporally gridded emissions are obtained by rasterising individual track edges. Track 

edges are sections of ship track that span consecutive position reports. Each track edge is associated 

with a single ship. The temporal grid is formed in this case from standard hourly intervals that are 

referred to as temporal cells. The method could also be applied using other time divisions. Hourly 

emissions are used to resolve diurnal variations, and longer-term emissions can be obtained by 

aggregating the hourly emissions. The spatial rasterisation can also be applied at various resolutions. 

Most of the task of rasterising the edges both spatially and temporally can be achieved through 

independent spatial and temporal rasterisation. For edges that have one temporal cell, all the spatial 

cells for the edge are associated with the same temporal cell. For edges that have one spatial cell, all 

the temporal cells for the edge are associated with the same spatial cell. Additional steps are 

required to rasterise edges that have multiple temporal cells and multiple spatial cells. 

Edges with multiple temporal cells and multiple spatial cells are rasterised by first dividing these 

edges into sub-edges, where each sub-edge is associated with one temporal cell. The temporal 

rasterisation that is applied to all edges identifies the set of temporal cells that each edge intersects. 
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Each edge and temporal cell pair is given a weight 𝑤𝑡 that is calculated as the proportion of the edge 

duration that intersects the temporal cell. Edges with multiple temporal cells and multiple spatial 

cells are divided into sub-edges by applying these temporal weights to the edge length. The sub-

edges, which have only one temporal cell, are then rasterised spatially. 

Goldsworthy and Goldsworthy (2015) assigned spatial cells to edges based on spatial cell boundary 

crossings. This method is also applied to sub-edges. The method identifies every spatial cell that 

these lines intersect. The number of spatial cells 𝑛𝑔 that each line intersects is given by 

 𝑛𝑔 ≤ 𝑛𝑥 + 𝑛𝑦 + 1 (6.1) 

where 𝑛𝑥 is the number of 𝑥-boundary crossings and 𝑛𝑦 is the number of 𝑦-boundary crossings. The 

equality holds in most cases, but does not hold when two boundary crossings are co-located at a 

spatial cell corner (see Figure 6.1). A weight 𝑤𝑠 is assigned to each line (edge or sub-edge) and 

spatial cell pair. This weight could be calculated as the proportion of the line length that intersects 

the spatial cell. Goldsworthy and Goldsworthy (2015) assigned uniform weights as 𝑤𝑠 = 1/𝑛𝑔 and 

this simpler method is also used here. 

 

 

Figure 6.1: Spatial rasterisation of edges and sub-edges using grid cell boundary crossings. The shaded spatial cells are 
assigned to the rasterised line. The arrows point into spatial cells identified from boundary crossings. An additional 
spatial cell is identified at one end of the rasterised line. If a line does not cross spatial cell boundaries, then the line is 
only assigned one spatial cell. 

 

Each edge, temporal cell and spatial cell tuple is assigned a combined weight 𝑤 = 𝑤𝑡𝑤𝑠. The spatial 

weights are either from edges with one spatial cell or one temporal cell, and are otherwise from sub-

edges. For each edge, the sum of the assigned weights has unit value. Spatially and temporally 

gridded emissions are obtained by aggregating the weighted edge emissions, grouping on spatial 

cells and temporal cells, and other edge properties. 

6.2.7. Activity hours 

While ship exhaust emissions can be calculated at both large scales and fine resolutions, including 

hourly resolution, there are circumstances in which simpler representations are required, based on 
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generalised spatial patterns and temporal profiles. This type of simplification may be used if the 

available meteorological data are for a different period, if the available emissions data have a 

coarser temporal resolution such as annual, in making future emissions projections, and if ship 

exhaust emissions are to be used in numerical air quality forecasting systems. The spatial patterns 

can be obtained for example using annual or monthly emission totals, which are then distributed 

temporally using generalised temporal profiles. Spatial cell activity hours are analysed to explain 

differences in the average spatial extent of the emissions at different temporal resolutions, the 

accuracy with which the hourly emission rates are estimated using longer term emissions, and the 

suitability of generalised temporal profiles to describe the emissions data. 

The hourly ship exhaust emissions that are estimated using longer term emissions will tend to have 

larger spatial extents and smaller local rates than occurs. This situation arises when spatial cells do 

not have continuous hourly activity. This behaviour is illustrated using simplified hourly emissions 

that are estimated using a spatial pattern provided by annual emissions, together with temporal 

profiles that describe shorter term variability. The number of hours in a year ℎ that a given spatial 

cell is active can be substantially less than the number of hours in a year 𝐻. Over a spatial domain 

with multiple cells, the annual data have 𝑁 active spatial cells. However, the average number of 

spatial cells that are expected to be active in each hour is 𝑔 =  ∑ ℎ/𝐻 ≤ 𝑁𝑁 . The estimated hourly 

emission rates will be smaller than expected if the annual emissions are distributed over a larger 

number of active hours than occurs. For example, the annual emission total 𝐸 for a given spatial cell 

can be used to calculate an average hourly emission rate 𝑒𝐻 = 𝐸/𝐻. The average emission rate for 

the hours when the spatial cell is active is 𝑒ℎ̅̅ ̅ = 𝐸/ℎ. The rate ratio is therefore 𝑒𝐻̅̅ ̅/𝑒ℎ̅̅ ̅ = ℎ/𝐻 ≤ 1. 

While distributing emissions to hours when ships are not active will over-estimate the emissions in 

those hours, the associated emission rates are lower than expected for active hours. Similar 

considerations apply when the hourly emissions are estimated using other longer-term emissions. 

The suitability of generalised temporal profiles is also examined in terms of the average return 

period for spatial cell activation, which is estimated as 𝑇 = (𝐻 + 1)/ℎ. 

The hourly emissions that are estimated using longer term emissions will tend to have more 

accurate spatial extents, and local rates, in areas that have higher activity hours. While the number 

of active hours varies considerably across the study region, there are areas that have similar 

behaviour. For example, berthed emissions occur in small regions with high activity, resulting in 

spatial cells with high emissions, whereas transit and anchorage emissions are more spatially 

extensive. For any subset of the 𝑁 active spatial cells in the annual data, the number of spatial cells 

that are expected to be active in each hour is 𝑔𝑖 =  ∑ ℎ/𝐻𝑛𝑖
 so that 

 𝑔𝑖/𝑛𝑖 = 〈ℎ𝑖〉/𝐻 = 〈(𝑒𝐻̅̅ ̅/𝑒ℎ̅̅ ̅)𝑖〉 (6.2) 

where 〈ℎ𝑖〉 is the average activity hours over the 𝑛𝑖 spatial cells in the subset. For 𝑘 non-intersecting 

subsets, the regional activity can be decomposed such that 𝑔 =  ∑ 𝑔𝑖𝑘  where 𝑁 =  ∑ 𝑛𝑖𝑘 . The 

proportion of a subset that is expected to be active in each hour is a measure of the accuracy with 

which the hourly emissions are estimated using the annual emissions, with respect to both over-

estimating the spatial extent and under-estimating the emission rates. The gridded activity hour data 

are grouped into subsets using various supervised approaches. 
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6.2.8. Spatial extent 

Spatial cell activation is binary and is therefore potentially suited to modelling with logistic 

regression using 𝑝 = ℎ/𝐻, which is also the local contribution to 𝑔. This study focuses on modelling 

the number of active spatial cells 𝑔, over the study region in each hour. On visual inspection of the 

hourly data, at sufficiently fine spatial resolution, it is obvious that the data show the behaviour of 

individual ships, particularly in regions outside ports. Where the hourly spatial cell activity is due to 

individual ships that are transiting, the total number of active spatial cells is associated with the 

length of traversed ship track, which is the product of the number of ships and their average speed. 

The track length can also be affected for example by limiting the size of the study region. The 

number of spatial cells assigned through rasterising a given section of ship track varies slightly 

depending on the location and orientation of the track. Where each active spatial cell is due to a 

single ship that is stationary, the number of active spatial cells is due to the number of ships. These 

relationships do not necessarily hold within ports, where hourly spatial cell activity can be due to 

multiple ships. The relationship between the hourly active spatial cells and the length of traversed 

ship track is verified for ships that are transiting at sea using simple linear regression, which is 

applied using the R statistical program (R Core Team, 2017). A similar analysis is applied to examine 

the larger spatial extent of the daily emissions. 

6.3. Results and discussion 

6.3.1. Port visits 

Ship activity within 300 km of Sydney includes ships visiting and departing the ports in the region, 

ships at anchor inside and outside the ports, and ships that are transiting through the region. The 

activity that is linked to the ports can be summarised and evaluated in terms of ship visits to the 

ports, which are also called port calls. Visit counts from the AIS data are compared with visits derived 

from independent data provided by the local port authorities. The port authorities maintain records 

of ship arrivals, departures and repositioning within the ports for which they are responsible. Visits 

from the AIS data are counted when ships enter a port and subsequently achieve berthed status 

(Goldsworthy and Goldsworthy, 2015). The port authority data provide a destination on arrival, 

which is typically a berth, and include the identity of the visiting ship. Port visits are derived by 

counting arrivals at berths. The ship identity is used to determine the ship type from the available 

technical data obtained primarily from Sea-web. Arrivals also include a place of origin, which is 

occasionally given as the destination port. In these cases, the arrival is reinterpreted as repositioning 

and is not used. Visit counts from the AIS data are obtained for the four major NSW ports, which are 

Port of Newcastle (PoN), Port Jackson (PJ) and Port Botany (PB) in Sydney, and Port Kembla (PK) in 

Wollongong. Detailed data from the port authorities are only available for PJ and PB. Port visits from 

the two data sources for each vessel type are shown in Table 6.2. 

Port of Newcastle handles the largest coal exports of any port in Australia, with over 159 million 

tonnes of coal exported in 2014, requiring 1717 ship visits (PoN, 2015). There were also 444 visits 

associated with trading non-coal commodities and eight visits by cruise ships, resulting in a total of 

2169 ship visits. The non-coal trade includes dry bulk, bulk liquids, project and break-bulk cargo, as 

well as Ro-Ro cargo and containers. The visits identified from the AIS data cover the traded groups 
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and are close to the reported visit numbers. The main anchorage area and the pilot boarding ground 

are outside the port boundaries. Large numbers of visits by tugs and pilot vessels from the AIS data 

are excluded from the miscellaneous category. Port Kembla has the largest grain exports and the 

second largest coal exports of any port in NSW, and is the main hub for motor vehicle imports into 

the state (NSW-Ports, 2019). The port also handles a range of other dry bulk, bulk liquid and general 

cargo. The visit counts reflect this activity, with large numbers of visits by vehicles carriers and bulk 

carriers, followed by general cargo, products/gas/chemical tankers and container ships. 

 

Table 6.2: Port visits from AIS data and ports data, by port and vessel type. The ports data are derived from data 
provided by the local port authorities. Other tanker is used here to refer to products/gas/chemical tanker. 

Port Ship type AIS data Ports data Difference 

Newcastle Bulk Carrier 1834   

 Container 12   

 Crude Oil Tanker 19   

 General Cargo 154   

 Miscellaneous 6   

 Cruise 9   

 Other Tanker 112   

 Vehicles Carrier 1   

 Total 2147   

Port Jackson Bulk Carrier 64 64 0 
 Crude Oil Tanker 24 25 –1 
 General Cargo 17 17 0 
 Miscellaneous 58 10 48 
 Cruise 255 263 –8 
 Other Tanker 135 128 7 
 Total 553   

Botany Bulk Carrier 1 1 0 
 Container 1084 1088 –4 
 Crude Oil Tanker 95 99 –4 
 General Cargo 21 20 1 
 Miscellaneous 7 0 7 
 Other Tanker 356 362 –6 
 Total 1564   

Port Kembla Bulk Carrier 354   

 Container 7   

 Crude Oil Tanker 1   

 General Cargo 74   

 Miscellaneous 6   

 Other Tanker 38   

 Vehicles Carrier 366   

 Total 846   
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Port Jackson includes Sydney Harbour and is a popular destination for cruise ships. Visits by cruise 

ships are slightly lower in the AIS data, which could be due to short visits during periods of missing 

data, including five periods of one day. There were also two passenger/Ro-Ro visits, including by one 

of the Bass Strait ferries. These visits are not included because the associated ships berthed at the 

Garden Island dry dock and berthed emissions are not calculated. Similarly, emissions are not 

calculated for two cruise ships and one naval vessel while berthed at the Garden Island dry dock. 

These exclusions are important because ships can spend several weeks at dry dock. Emissions are 

calculated for the Sydney Harbour ferries, but visits are not obtained because these ferries operate 

within the port. The larger number of visits in the AIS data for products/gas/chemical tankers could 

be related to excluding arrivals in the ports data that have Sydney as the location of origin. The 

larger number of visits in the AIS data for miscellaneous vessel types are due to small vessels with 

activity that is not recorded in the ports data, including yachts, motor boats and landing craft. Port 

Botany has the largest container trade in NSW and has large imports of bulk liquids and gas. The visit 

counts from the two data sources are in close agreement. Slightly lower visit numbers from the AIS 

data could be associated with short visits during periods of missing data. 

Visit counts are grouped by vessel type using the available ship technical data from Sea-web. This 

method is used because the same ship data are used to calculate and summarise the emissions data. 

These data also allow for more detailed groupings of the visit counts that include vessel capacity 

(Goldsworthy and Goldsworthy, 2019). This method relies on the availability and accuracy of the ship 

technical data. The ports data include a similar vessel type for each visiting ship. Table 6.3 shows the 

number of unique ships from each data source by port and vessel type. Each ship can potentially 

make multiple visits. The ship counts show close agreement with some exceptions. For each port, 

the ship technical data have fewer crude oil tankers, which are almost exactly offset by larger 

numbers of products/gas/chemical tankers. If some of the products tankers from the ship data were 

re-categorised as crude oil tankers, then emissions at berth would increase due to the use of steam 

driven cargo pumps. The ports data for PB also have a small number of extra container ships, but 

fewer general cargo. Overall, ship activity is slightly under-estimated due to a combination of missing 

AIS data and incomplete ship technical data. 

 

Table 6.3: Comparison of the number of unique ships from ship technical data and ports data, by port and vessel type. 
The ship data are from the Sea-web database. The ports data are derived from data provided by the local port 
authorities. Other tanker is used here to refer to products/gas/chemical tanker. 

Port Ship type Ship data Ports data Difference 

Port Jackson Cruise 40 40 0 
 Crude Oil Tanker 17 25 –8 
 General Cargo 7 8 –1 
 Other Tanker 57 50 7 

Botany Container 224 235 –11 
 Crude Oil Tanker 45 75 –30 
 General Cargo 6 2 4 
 Other Tanker 145 116 29 
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6.3.2. Sydney Harbour ferries 

Emissions for the Sydney Harbour ferries using AIS data for 2014 are lower than expected, based on 

estimated emissions from July 2010 to June 2011. The AIS transmissions from the Sydney Harbour 

ferries do not seem to be very reliable. Hourly position report counts for the ferries are low for much 

of this earlier period. However, a period of high data volume was identified from 20 December 2010 

to 12 April 2011. Broome et al. (2016) used emissions for the ferries that were constructed from this 

period of high data volume. Hourly emissions at approximately 1 km resolution were first calculated 

for the period of high data volume. These emissions were used to obtain spatially gridded average 

emissions for each weekday and hour combination. These average data were then used to 

reconstruct a full year of spatially gridded hourly data. This approach was taken on the basis that the 

ferries operate on a set of regular timetables. The reconstructed data predict annual CO2 emissions 

of between 30,416 tonnes and 31,279 tonnes. The smaller value is obtained by excluding emissions 

in the 3 h from 2 a.m. to 5 a.m., when there are no scheduled services. These estimates are very 

similar to the reported CO2 emissions of 30,931 tonnes (Callahan, 2011). Emissions for the ferries 

using AIS data for 2014 have less than half the expected magnitude. 

Emissions for the Sydney Harbour ferries are constructed using AIS data from 20 December 2010 to 

12 April 2011. Average emissions for each weekday and hour combination are updated using current 

methods and are then used to populate emissions for 2014. The same ferries operated in PJ during 

both periods. These emissions are therefore constructed using 168 distinct spatial patterns for each 

emitted species. The harbour ferries operate on weekend timetables for Saturday and Sunday on 

public holidays. Three public holidays in the source data period that do not fall on the weekend are 

incorporated into the average Saturday profile. The average Saturday profile is allocated to ten 

public holidays in 2014 that do not fall on the weekend. The reconstructed data predict annual CO2 

emissions for 2014 of between 30,125 tonnes and 30,989 tonnes. The smaller estimate is used and 

involves excluding emissions in the 3 h from 2 a.m. to 5 a.m. when there are no scheduled services. 

These exclusions slightly reduce the estimated emissions at berth. The small differences from the 

2010/11 emissions are primarily due to using updated methods. 

6.3.3. Annual fuel consumption and exhaust emissions 

Total annual fuel consumption and exhaust emissions for 2014 are shown in Table 6.4 by port and 

for the Sydney 300 km region. The listed emissions include three greenhouse gases and substances 

that affect air quality, although chemical transport modelling requires further speciation of NOx, 

particles and VOC emissions. High SO2 emissions are associated with the sulfur content of the fuel, 

which also increases PM2.5 emissions and contributes to secondary particle formation and growth. 

The combustion conditions in marine diesel engines result in high NOx emissions. Port Jackson has 

the highest fuel consumption, followed by PB, PoN, and PK. Differences in emissions are only partly 

explained by differences in fuel consumption. Port Botany has lower NOx emissions than PoN, 

despite higher fuel consumption, primarily because more fuel at PB is consumed in auxiliary boilers. 

Port Jackson has lower SO2 and PM2.5 emissions than PB and PoN because the harbour ferries use 

ULSD. Cruise ships were not required to use 0.1% low-sulfur fuel in Sydney Harbour in 2014. The four 

ports collectively contributed between 15.3% and 25.5% of emissions within 300 km of Sydney. 
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Table 6.4: Estimated fuel consumption and exhaust emissions (tonnes/annum) for 2014, by port and within 300 km of 
Sydney. The contributions from the combined ports (%) to the Sydney 300 km totals are also shown. 

Region Fuel NOx SO2 PM2.5 VOC CO NH3 CO2 N2O CH4 

Newcastle 18,735.1 845.4 871.2 83.8 27.8 74.9 0.20 59,746.5 3.12 0.41 

Port Jackson 23,684.3 1297.0 728.9 79.2 26.3 111.6 0.30 75,189.6 3.75 0.52 

Botany 19,751.7 713.9 1081.3 93.8 25.8 62.9 0.17 62,987.0 3.67 0.35 

Port Kembla 7222.8 298.7 377.9 35.4 10.7 28.0 0.07 23,040.7 1.21 0.13 

Sydney 300 km 313,747.2 20,580.3 17,042.1 1897.4 473.0 1087.0 4.09 1,000,448.7 50.04 8.32 

Ports (%) 22.1 15.3 18.0 15.4 19.2 25.5 18.1 22.1 23.4 17.0 

 

The use of low-sulfur fuels in marine diesel engines has very little impact on NOx emissions, which 

are precursors for tropospheric ozone and photochemical smog that mainly affect air quality in 

summer. Emissions of NOx by port, vessel type and operating mode are shown in Figure 6.2. These 

ports have small transits within their boundaries. The main anchorages are associated with PoN and 

PK and are outside the port boundaries. Port emissions for ocean going vessels occur primarily at 

berth and in low-load/manoeuvring. Emissions for PoN are dominated by bulk carriers, followed by 

miscellaneous vessels and general cargo. One of the two coal precincts is located deep within the 

port, which provides a longer transit for bulk carriers. Emissions for the miscellaneous category are 

largely due to tugs, which accompany ships to and from berths. Emissions are not calculated for tugs 

at berth due to access to shore power. The ME load for tugs is not a simple function of speed, and 

the associated emissions are probably under-estimated. Emissions for PJ are dominated by harbour 

ferries, followed by cruise ships and products/gas/chemical tankers. Emissions for the harbour 

ferries are largest during transit. Emissions for PB are primarily due to container ships, followed by 

products/gas/chemical tankers and crude oil tankers. The largest emissions for PK are due to bulk 

carriers, followed by vehicles carriers and general cargo. Emissions in 2014 for bulk carriers at PoN, 

cruise ships at PJ and container ships at PB are of a similar magnitude. 
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Figure 6.2: Emissions of NOx (tonnes/annum) by port, vessel type and operating mode. Other tanker is used here to 
refer to products/gas/chemical tanker. Manoeuvring is used as an abbreviated form of low-load/manoeuvring. 

 

Within the Australian context, the combined fuel consumption and emissions for PoN, PJ, PB and PK 

in 2014 are smaller than estimates for PoM in 2016 (Goldsworthy and Goldsworthy, 2019). Port of 

Melbourne has the largest emissions of any port in Australia (Goldsworthy and Goldsworthy, 2015). 

However, there are large transits within PoM, which also includes the main anchorage areas. 

Further, ships visiting Geelong Port (GP) contribute to transit and anchorage emissions for PoM. A 

comparison is therefore made using berthed activity only and is shown in Table 6.5. The Sydney 
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Harbour ferries also have a small impact on comparisons for berthed activity. The combined fuel 

consumption and emissions for PJ, PB and PK in 2014 are compared with PoM in 2016. Berthed fuel 

consumption and emissions for the combined PJ, PB and PK in 2014 are very similar to PoM in 2016. 

The combined activity profile for PJ, PB and PK has similarities with PoM, with respect to the 

container trade, ocean going passenger vessels, bulk liquid imports and the trade in motor vehicles. 

The Bass Strait ferries have the largest emissions for passenger vessels at PoM. There are also other 

differences between these three NSW ports and PoM, such as the activity associated with the 

Tasmanian coastal trade at PoM and exports of grain and coal at PK. 

 

Table 6.5: Berthed fuel consumption and exhaust emissions (tonnes/annum) are compared for the combined PJ, PB and 
PK in 2014, and PoM in 2016. 

Region Fuel NOx SO2 PM2.5 VOC CO NH3 CO2 N2O CH4 

PJ+PB+PK 36,344.0 1440.3 1880.9 167.2 42.7 130.5 0.35 115,861.2 6.48 0.62 

PoM 2016 33,573.9 1379.8 1904.1 169.9 43.7 120.3 0.32 107,100.6 5.89 0.49 

 

Emissions of NOx by vessel type for the region within 300 km of Sydney are shown in Figure 6.3. 

Emissions over the Sydney 300 km region are dominated by bulk carriers and container ships, 

followed by cruise ships, products/gas/chemical tankers, vehicles carriers, general cargo ships and 

crude oil tankers. These vessel types visited the four major ports in the region. In addition to activity 

within the ports, these totals include activity associated with the main anchorages, ships that are 

transiting to and from the ports, and other ships that are transiting through the region without 

visiting the ports. The main anchorages are associated with PoN and PK and are outside the port 

boundaries. These anchorages are utilised primarily by bulk carriers. There were no visits to the four 

major ports by refrigerated cargo ships referred to as reefers. Other examples of ships transiting 

through the region include container ships travelling between Fremantle and Brisbane, vehicles 

carriers travelling to Melbourne, and bulk carriers involved in domestic activity such as transporting 

alumina from Gladstone to Bell Bay. Emissions are not calculated for two passenger/Ro-Ro ships 

while berthed in PJ at the Garden Island dry dock, including one of the Bass Strait ferries. However, 

these ships obviously transited to and from the port. 

 



129 

 

 

Figure 6.3: Emissions of NOx (tonnes/annum) by vessel type for the Sydney 300 km region. Other tanker is used here to 
refer to products/gas/chemical tanker. 

 

Emissions of NOx within 300 km of Sydney are shown in Figure 6.4 at approximately 1 km × 1 km 

resolution. The three insets show the four major ports in the region in greater detail. The largest 

emissions in PoN are associated with the two coal precincts. Kooragang Precinct is located further 

inland from the harbour entrance than Carrington Precinct. The largest emissions in PJ, which is to 

the north of PB, are associated with the cruise ship terminals. The White Bay Cruise Terminal is west 

of the Overseas Passenger Terminal, which is at Circular Quay. Other ship types also visit White Bay 

and this grid cell includes berths at Glebe Island. The next largest berthed emissions are north of 

White Bay at Gore Cove on the northern shore due to tankers. Emissions further west are primarily 

due to the harbour ferries and extend as far as Parramatta. The largest emissions for the harbour 

ferries are on the route between Circular Quay and Manly, which is on the northern shore near the 

harbour entrance. There are also other shorter routes through this region. The largest emissions in 

PB are at the container ship terminals and include emissions from tankers berthed immediately to 

the south of the container berths. The next largest emissions are for tankers berthed at the Kurnell 

wharf on the southern shore. The harbour area in PK is relatively small. Emissions over the 

anchorage area for PK are evident in the Wollongong inset to the northeast of the harbour. The 

other main anchorage area is south of PoN in a band adjacent to the coast. 
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Figure 6.4: Emissions of NOx (tonnes/annum) at approximately 1 km × 1 km (0.01° × 0.01°) resolution, within 300 km of 
Sydney. The three insets show the four major ports in the region in greater detail. 

 

The other emissions outside the ports in Figure 6.4 are primarily associated with ships travelling in 

broad coastal channels that involve visiting one of the four major ports. There are also ships 

travelling through the region without visiting the ports and ships travelling on international routes. 

Emissions are higher where there is greater activity. The main coastal channel in the northern part of 

the region splits into three branches, for ships visiting PoN, ships visiting the other three ports, and 

ships transiting through the region without visiting the ports. The main transit for ships that visit PoN 

extends north along the coast. The largest activity at PoN is associated with bulk carriers exporting 

coal to destinations primarily in Asia (PoN, 2015). Ships travel on more direct routes between the 

northern coastal channel and the other three major ports. There is a broad and more direct channel 

further offshore where activity is concentrated for ships transiting along the coast without visiting 

any of the four ports. Similarly, the coastal channel in the south has two branches for ships visiting 

the ports and ships transiting through the region. There is a broad region of elevated emissions 

adjacent to the entrance to PB where northern and southern routes intersect. There are northern 

and southern branches off the inner coastal channel for ships visiting PK. Some international routes 

are evident in bands that extend away from the coast. 
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6.3.4. Time varying regional totals 

Monthly aggregated fuel consumption by port and vessel type are shown in Figure 6.5. The displayed 

values are percentages of the annual total for each combination of port and vessel type. The time 

ordered values in each category are connected by line segments and sum to 100%. The vessel types 

are chosen based on relevance to each port. Fuel consumption is used because it is indicative of the 

overall activity that produces exhaust emissions. The aggregation uses local time, which is UTC +10 h 

and +11 h during daylight savings. Cruise ship fuel consumption and emissions have a strong 

seasonal pattern, with low activity in winter and high activity in spring and summer. It is likely that 

the lower activity for crude oil tankers at PB from October 2014 is related to the closure of the 

Kurnell oil refinery. The increase in activity for products/gas/chemical tankers at both PJ and PB 

toward the end of 2014 could also be related, at least in part, to this closure. Container ship activity 

at PB is higher in the second half of the year. Fuel consumption by bulk carriers at PoN is reasonably 

constant but increases in the second half of 2014. The activity of bulk carriers at PoN is dominated 

by coal exports, whereas the activity at PK is dominated by a combination of coal and grain exports. 

The greater variability of the activity at PK for bulk carriers could be due to the additional influence 

of grain exports. Fuel consumption for vehicles carriers at PK is generally larger during the second 

half of 2014, with some small variability throughout the year. 

 

 

Figure 6.5: Monthly aggregated fuel consumption as a percentage of the corresponding annual total for each port and 
vessel type. The aggregation uses local time. Other tanker is used here to refer to products/gas/chemical tanker. 
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Hourly fuel consumption percentages for cruise ships are shown in Figure 6.6, for both PJ and the 

Sydney 300 km region. Fuel consumption and emissions for PJ are relatively high during the day and 

low overnight. The opposite pattern is evident over the Sydney 300 km region, with high fuel 

consumption at night and low fuel consumption during the day. These patterns are indicative of a 

preference for hoteling at berth during the day and cruising at sea overnight. Visiting ports during 

daylight hours provides passengers with an opportunity to explore the various attractions the 

destination provides. Fuel consumption and emissions over the region within 300 km of Sydney are 

dominated by activity at sea due to the large ME power that is required for propulsion. The activity 

at sea is also associated with ships visiting other ports, such as PoN and ports outside the region. The 

berthed emissions occur in small regions with high activity, resulting in spatial cells with relatively 

high emissions, whereas the larger emissions while cruising at sea are spatially extensive. The 

berthed emissions can occur close to populated areas. 

 

 

Figure 6.6: Cruise ship hourly aggregated fuel consumption as a percentage of the corresponding regional and annual 
total for cruise ships. The aggregation uses local time. 

 

Future schedules for cruise ship visits to PJ suggest the seasonal and diurnal patterns identified for 

2014 are reasonably robust going forward. Figure 6.7 shows monthly scheduled cruise ship visits to 

PJ for 2019 and 2020. The monthly visit counts are derived from published cruise ship schedules (PA-

NSW, 2019). There are 395 cruise ship visits scheduled for 2020, which is a substantial increase from 

the 263 visits identified for 2014 from the port authority data (see Table 6.2). The scheduled activity 

has a similar seasonal pattern, with lower visits in winter and higher visits in spring and summer. 

Cruise ship visits have increased so that PJ is now operating at near capacity during the peak season 

(CLIA, 2017). Scheduled visit counts are similar in both years during the peak season. Increasing visits 

during autumn and early winter may be necessary to accommodate additional visits. The scheduled 

visits also include arrival and departure times for berths. In each year, the scheduled arrival hour has 

a mode of 6 a.m., the scheduled departure hour has a mode of 4 p.m., and the median duration at 

berth is approximately 10 h. The diurnal pattern identified for PJ in 2014 is based on activity within 

the port, rather than activity at berth, but is consistent with the scheduled future activity in that 

there is a preference for hoteling at berth during the day. 
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Figure 6.7: Monthly scheduled cruise ship visits to PJ in 2019 and 2020. The visit counts are derived from published 
cruise ship schedules (PA-NSW, 2019). 

 

Average fuel consumption profiles for the Sydney Harbour ferries are shown in Figure 6.8, for each 

weekday and hour combination. The full profile is normalised to 100%. Related average emissions 

are used to populate hourly emissions for each weekday and hour in 2014. The contribution of each 

weekday to the annual fuel consumption is slightly different, because there are different numbers of 

some weekdays throughout the year. This situation is affected by allocating the average Saturday 

profile to public holidays, so there are more days with the Saturday profile than the actual Saturday 

count. There are also fewer days for example with the Monday profile than the actual Monday 

count. There are strong diurnal patterns, with high activity during the day from early morning to late 

evening. There are secondary peaks in the morning and late afternoon from Monday to Friday that 

are consistent with work related commuting. These secondary peaks are not as obvious on Saturday 

and Sunday. There are also additional secondary peaks in the very late evening that are most 

strongly evident from Monday to Saturday. These additional peaks have a smaller magnitude on 

Wednesday and Thursday. These secondary peaks may be related to returning home from evening 

entertainment and late work. Overall, these patterns are related to the ferries operating on a set of 

regular timetables that are designed to meet passenger demand. 

 



134 

 

 

Figure 6.8: Sydney Harbour ferry average fuel consumption for each weekday and hour combination, using local time 
and normalised to 100%. 

 

6.3.5. Activity hours 

Ship exhaust emissions over the region within 300 km of Sydney have vastly different spatial extents 

at different temporal resolutions. These differences are shown in Table 6.6 using averages for 2014 

of active spatial cell counts. Spatial cells are active when they have non-zero ship exhaust emissions. 

The average values are continuous. Results are obtained for hourly, daily, weekly, monthly and 

annual emissions, at two spatial resolutions of approximately 1 km × 1 km and 3 km × 3 km. The 95% 

confidence intervals (95% CI) for the averages are from one sample t-tests and do not overlap within 

each spatial resolution. At each spatial resolution, the hourly percentages are from the ratio of the 

hourly average to the average value at each temporal resolution. These proportions are a measure 

of the accuracy with which the hourly emissions are estimated using longer term emissions, with 

respect to both over-estimating the spatial extent and under-estimating the emission rates. At 1 km 

resolution, only 0.6% of the annually active spatial cells are expected to be active hourly. Similarly, if 

the annual emissions are distributed over every hour in the year, compared with just the hours when 

spatial cells are active, then the average emission-rate ratio is only 0.6%. Using the average spatial 

extent of the daily emissions, rather than the actual extent, this accuracy increases to approximately 

6.0% when the hourly emissions are compared with daily emissions. 
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Table 6.6: Average active spatial cells for 2014, over the region within 300 km of Sydney, at different temporal 
resolutions. Spatial cells are active when they have non-zero ship exhaust emissions. The 95% confidence intervals 
(95% CI) are from one sample t-tests. 

Resolution Average 95% CI 
Hourly 
percentage 

Spatial 
multiple 

1 km Hourly 670 668–673 100.0 3 

 Daily 11,101 10,940–11,262 6.0 4 

 Weekly 39,092 38,153–40,031 1.7 6 

 Monthly 69,768 67,825–71,711 1.0 7 

 Annual 112,802  0.6 8 

3 km Hourly 240 239–241 100.0 1 

 Daily 2792 2755–2828 8.6 1 

 Weekly 6977 6833–7122 3.4 1 

 Monthly 10,298 10,016–10,580 2.3 1 

 Annual 13,487  1.8 1 

 

The 1 km emissions data provide nine times the resolution of the 3 km data. The two grids are 

aligned on grid cell corners and there are nine 1 km grid cells in each 3 km grid cell. Each active 3 km 

grid cell only requires at least one of the associated nine 1 km grid cells to be active. The spatial 

multiple in Table 6.6 is the ratio of the average values to the 3 km averages, at constant temporal 

resolution. The annual 1 km data are approximately eight times the size of the annual 3 km data. The 

hourly 1 km data are approximately three times the size of the hourly 3 km data. As the spatial 

resolution becomes finer, the average number of active spatial cells increases more rapidly at 

coarser temporal resolutions. Conversely, as the spatial resolution becomes coarser, the average 

number of active spatial cells decreases more rapidly at coarser temporal resolutions. The average 

number of active spatial cells at different temporal resolutions therefore converges as the spatial 

resolution becomes coarser. Consequently, the hourly 3 km data can be estimated more accurately 

using data with coarser temporal resolutions. At 3 km resolution, only 1.8% of the annually active 

spatial cells are expected to be active hourly. This accuracy increases to approximately 8.6% when 

the hourly emissions are compared with daily emissions. 
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Figure 6.9: Gridded activity hours at 1 km resolution, over the Sydney 300 km region, are grouped into 1250 subsets with 
activity hours less than each value up to 1250 h. The plot shows the contribution of each subset to the average hourly 
active spatial cells. The displayed subset size is the quantile label for the gridded activity hours (see Table 6.7). 

 

The emissions data have smaller spatial extents at finer temporal resolutions because many of the 

associated spatial cells do not have continuous activity. Gridded activity hours at 1 km resolution, 

over the Sydney 300 km region, are grouped into 1250 subsets with activity hours less than each 

value up to 1250 h. The contribution of each subset to the average hourly active spatial cells is 

shown in Figure 6.9. The displayed subset size is also the quantile label for the gridded activity hours. 

Selected quantiles for gridded activity hours are shown in Table 6.7, together with related subset 

properties from Figure 6.9. Results are also shown for 3 km activity hour data. There are 164 h of 

missing AIS data, leaving 8596 h of data rather than 8760 h. Some spatial cells are only active for a 

single hour and others are almost continuously active. At 1 km resolution, approximately 18.5% of 

the average hourly active spatial cells are due to the 75% of spatial cells that are each active for less 

than 2 days. While the activity of each individual grid cell is small, the contribution from the entire 

subset to the average hourly activity is substantial. However, this contribution is small in comparison 

with the size of the subset (0.15%), so there is considerable uncertainty as to where within the 

subset the activity in any given hour might occur. Approximately 79.5% of the average hourly active 

spatial cells are due to the 99% of spatial cells that are each active for less than 387 h, or 

approximately 16 days. In proportional terms, the contribution from a given subset size to the 

average hourly active spatial cells is very similar at 3 km resolution. 
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Table 6.7: Selected quantiles for gridded activity hours over the region within 300 km of Sydney, together with related 
subset properties from Figure 6.9. Results are also shown for 3 km activity hour data. There are 164 h of missing AIS 
data, leaving 8596 h of data rather than 8760 h. 

Resolution Quantity Min. 50% 75% 99% 99.8% Max. 

1 km ℎ 1 15 48 387 750 8542 

 𝑔𝑖  32.3 123.9 532.9 583.1  

 𝑔𝑖/𝑔  4.8% 18.5% 79.5% 87.0%  

 𝑔𝑖/𝑛𝑖  0.06% 0.15% 0.48% 0.52%  

3 km ℎ 1 41 146 1210 5089 8594 

 𝑔𝑖  10.2 42.9 194.3 218.2  

 𝑔𝑖/𝑔  4.2% 17.8% 80.8% 90.7%  

 𝑔𝑖/𝑛𝑖  0.15% 0.42% 1.46% 1.62%  

 

The contributions from the four major ports to the average hourly active spatial cells, at 1 km 

resolution over the region within 300 km of Sydney, are shown in Table 6.8. The combined four ports 

contributed 12.3% of the average hourly active spatial cells, despite being relatively small in area and 

contributing only 0.41% of the annually active spatial cells. The largest contribution is from PJ due to 

a combination of ocean-going vessels with emissions that are largest at berth, and harbour ferries 

with emissions that are largest during transit (see Figure 6.2). Approximately 87.7% of the average 

hourly active spatial cells are from outside the ports. The ratio 𝑔𝑖/𝑛𝑖 is a measure of the accuracy 

with which the hourly emissions are estimated using the annual emissions, with respect to both 

over-estimating the spatial extent and under-estimating the emission rates. This accuracy is much 

larger for each port than for the entire Sydney 300 km region (see Table 6.6). The largest accuracy is 

for PJ at 28.8%, followed by PoN, PK and PB. These ratios are larger for the ports because the 

average activity hours are larger. The gridded activity hours also vary within each port. The 

maximum activity hours are in PB at the container ship berths. 

 

Table 6.8: The contribution of the ports to the average hourly active spatial cell count, at 1 km resolution over the region 
within 300 km of Sydney. 

Port 𝑔𝑖 𝑔𝑖/𝑔 (%) 𝑛𝑖 𝑛𝑖/𝑁 (%) 𝑔𝑖/𝑛𝑖 (%) 

Newcastle 16.2 2.4 86 0.08 18.8 

Port Jackson 52.1 7.8 181 0.16 28.8 

Botany 9.3 1.4 144 0.13 6.5 

Port Kembla 4.8 0.7 53 0.05 9.1 

Combined 82.4 12.3 464 0.41 17.8 

 

Generalised temporal profiles that distribute longer-term emissions to every hour in a day may not 

be suitable where there is not continuous hourly activity. This condition has not been found to exist 

anywhere within the Sydney 300 km region at both 1 km resolution and 3 km resolution, although a 

very small number of grid cells have almost continuous hourly activity. Estimates for the minimum 

extent of non-continuous daily and weekly activity are obtained on the basis that the average return 
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period for spatial cell activation is greater than 1 day or 1 week respectively. There may not be 

continuous daily or weekly activity even if the number of hourly activations is approximately the 

number of days or weeks in a year. The annual day count and annual week count are very similar to 

the 99% and 75% quantiles for 1 km activity hours in Table 6.7. The number of hours in 2014 has 

been reduced to 8596 h due to the 164 h of missing AIS data. At 1 km resolution over the Sydney 

300 km region, at least 98.7% of the annually active spatial cells are not active every day, and at least 

76.6% are not active every week. There is some improvement at 3 km resolution, so that at least 

88.4% are not active every day, and at least 54.2% are not active every week. 

6.3.6. Spatial extent 

The average hourly active spatial cells at 1 km resolution, outside the four major ports within the 

Sydney 300 km region, are shown in Table 6.9 by operating mode. The largest contribution is from 

ships that are transiting, followed by low-load/manoeuvring and ships at anchor. Some spatial cells 

have more than one operating mode in any given hour. Consequently, aggregating the contributions 

to 𝑔 from each operating mode results in a total of 91.1%, which is greater than the 87.7% identified 

for the region outside the ports. The average hourly number of ships and average hourly track length 

are also shown. The hourly track length is the total for all ships. The average hourly ships are similar 

in each operating mode, but are largest during transit, followed by low-load/manoeuvring and 

anchorage. This spatial resolution allows individual anchorages to be resolved. At the low speeds 

that occur while at anchor, the average active spatial cells are closer to the average number of ships 

than the average track length. Under limiting circumstances where each active spatial cell is due to a 

single ship that is stationary, the number of active spatial cells is due to the number of ships. At the 

progressively higher speeds that occur during low-load/manoeuvring and transit, the average active 

spatial cells are closer to the average track length. 

 

Table 6.9: Hourly active spatial cells at 1 km resolution, outside the four major ports within the Sydney 300 km region, 
by operating mode. The average hourly number of ships and average hourly track length are also shown. Manoeuvring 
is used here to refer to low-load/manoeuvring. 

Operating Mode 𝑔𝑖 𝑔𝑖/𝑔 (%) Ships Length (km) 

Transit 458.8 68.4 17.7 348.6 

Manoeuvring 136.5 20.4 15.0 92.2 

At Anchor 15.2 2.3 12.5 3.7 

 

The hourly active spatial cells at 1 km resolution for ships transiting outside the four major ports, 

within the Sydney 300 km region, are shown in Figure 6.10 as a function of the length of ship track. 

The hourly active spatial cells for ships transiting at sea varies over a wide range from 47 to 993, 

which is close to the range from 103 to 1099 for all activity outside the ports. There is a strong linear 

relationship with the track length, which is confirmed using simple linear regression. Standard 

diagnostics for the fitted linear model do not reveal any substantial problem. The model coefficients 

are both significant at a level of <0.001, and the model has a coefficient of determination of 0.99. 

The model has a slope of approximately 1.29 spatial cells per km of ship track. The number of spatial 
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cells assigned through rasterising a given section of ship track varies slightly depending on the 

location and orientation of the track. Variability in the number of spatial cells for a given length of 

ship track can also be affected by the degree of overlap between the rasterised hourly tracks of 

different ships. Visual inspection of the hourly data suggests that hourly spatial cell activations for 

ships transiting at sea are largely due to individual ships. This situation is also consistent with the 

number of 1 km spatial cells substantially exceeding the track length. 

 

 

Figure 6.10: Hourly active spatial cells at 1 km resolution for ships transiting outside the four major ports, within the 
Sydney 300 km region, as a function of the length of ship track (km). 

 

The total length of ship track in any given hour is due to the number of ships and their average 

speed, but is also affected by the limited size of the study region, excluding the ports and dividing 

the data by operating mode. An average speed for ships that are transiting at sea in each hour is 

derived from the track length and the number of ships. The smallest derived speed of approximately 

1.7 km/h occurs when there are 15 ships and a track length of only 24.9 km. This situation can occur 

due to ships transitioning between transit and low-load/manoeuvring and ships crossing port and 

study region boundaries. The maximum derived speed of 29.1 km/h is approximately 15.7 kn. Some 

ships are likely to be travelling faster and others slower than the average speed. The number of ships 

transiting at sea in each hour varies between 4 and 40. The total track lengths that can be produced 

across these ranges of hourly ships and average speeds are shown in Figure 6.11. These ranges allow 

the hourly track length to have a larger range than observed. The effect on the emissions of changes 

in ship activity is more complex than simple changes in spatial extent, primarily because the 

emissions depend on the technical details of the individual ships in the hourly fleet, not just on the 

number of ships, and the ME load is modelled as a cubic function of speed. The ME load is updated 

frequently and is calculated for the track edges of each individual ship. 
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Figure 6.11: Hourly track length (km), as a function of the number of ships and their average speed (km/h). The ranges 
for the hourly ships and the average speed are for ships transiting outside the ports, within the Sydney 300 km region. 
The average speed is derived from the track length and the number of ships. These ranges allow the hourly track length 
to have a larger range than observed. A speed of 25 km/h is approximately 13.5 kn. 

 

The total length of traversed ship track increases over time and the number of ships that contribute 

to this activity also increases. On a daily basis for ships transiting at sea, the average track length 

increases to 8149 m and the average number of ships increases to 56.6. The linear relationship 

between the daily active spatial cells at 1 km resolution and the track length is confirmed in Figure 

6.12, using simple linear regression. The model coefficients are significant at a level of <0.001, and 

the model has a coefficient of determination of 0.97. The daily model has a slope of approximately 

0.96 spatial cells per km of ship track. The 95% confidence intervals for the slope of the hourly model 

(1.29–1.30) and the slope of the daily model (0.94–0.98) do not overlap. As the total length of ship 

track increases, for example within the main coastal shipping channels (see Figure 6.4), the chances 

of overlap between the rasterised tracks of the various ships will also increase. This overlap will 

reduce the number of spatial cells that would otherwise be assigned to the traversed ship track, 

which is consistent with a smaller slope for the daily regression model. The overlapping of the 

rasterised ship tracks that are produced in different hours is required to increase the gridded activity 

hours. The individual examples or instances of the emissions at a given temporal resolution each 

have a similar spatial extent. However, the spatial overlap of these instances is only partial, which 

results in the emissions having larger spatial extents at coarser temporal resolutions. 
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Figure 6.12: Daily active spatial cells at 1 km resolution for ships transiting outside the four major ports, within the 
Sydney 300 km region, as a function of the length of ship track (Mm). 

 

6.4. Conclusions 

The four major ports collectively contributed between 15.3% and 25.5% of ship exhaust emissions 

within 300 km of Sydney. The highest fuel consumption was for PJ, followed by PB, PoN, and PK. The 

emissions are also affected by factors such as the use of ULSD by the Sydney Harbour ferries. 

Emissions for ocean going vessels are largest at berth, and emissions for the harbour ferries are 

largest during transit. The highest NOx emissions in PJ were for the harbour ferries followed by 

cruise ships. The largest emissions are associated with the cruise ship terminals at Circular Quay and 

White Bay, followed by Gore Cove due to tankers. Emissions further west are primarily due to the 

harbour ferries. The largest emissions for the harbour ferries are between Circular Quay and Manly. 

Emissions for PB are dominated by container ships followed by tankers. The largest emissions are 

associated with the container ship berths and include emissions from tankers. Kurnell wharf has the 

next highest emissions due to tankers. Emissions for PoN are dominated by bulk carriers and the 

highest emissions are adjacent to the two coal precincts. Emissions for PK are dominated by bulk 

carriers and vehicles carriers. The coastal shipping channel has multiple branches for ships visiting 

the ports and ships transiting along the coast without visiting any of the ports. 

The use of low-sulfur fuels in marine diesel engines has very little impact on NOx emissions, which 

are precursors for tropospheric ozone and photochemical smog that primarily affect air quality in 

summer. Cruise ship emissions for PJ vary both seasonally and diurnally, with low activity in winter 

and high activity in spring and summer. Diurnal variability is associated with a preference for 

hoteling at berth during the day and cruising at sea overnight. These patterns are also evident in 

scheduled cruise ship visits to PJ in 2019 and 2020. Fuel consumption and emissions for the Sydney 

Harbour ferries have a strong but more complex diurnal variation with secondary peaks in the 

morning and late afternoon that are consistent with work related commuting. There are smaller 

secondary peaks in the very late evening. A reduction in activity for crude oil tankers at PB from 

October 2014 is probably related to the closure of the Kurnell oil refinery. This closure may have 



142 

 

contributed to an increase in activity for products/gas/chemical tankers. Activity increased in the 

second half of 2014 for bulk carriers at PoN, container ships at PB and vehicles carriers at PK. The 

activity of bulk carriers at PoN is dominated by coal exports, whereas the activity at PK is dominated 

by a combination of coal and grain exports. The greater variability of the activity at PK for bulk 

carriers could be due to the additional influence of grain exports. 

Ship exhaust emissions within 300 km of Sydney have vastly different spatial extents at different 

temporal resolutions. These differences affect the accuracy with which the hourly emissions are 

estimated using longer term emissions, with respect to both over-estimating the spatial extent and 

under-estimating the emission rates. Over this region at 1 km resolution, only 0.6% of the annually 

active spatial cells are expected to be active hourly. This accuracy increases to 6.0% when the hourly 

emissions are compared with daily emissions. These accuracies improve at coarser spatial 

resolutions, due to convergence of the average spatial extent of the emissions at different temporal 

resolutions. The emissions data have smaller spatial extents at finer temporal resolutions because 

many of the associated spatial cells do not have continuous activity. These accuracies are larger for 

the ports because the average activity hours are higher. On comparing 1 km hourly and annual data, 

the largest accuracy is for PJ at 28.8%. The activity hours vary within the ports and are largest where 

ships berth. Temporal profiles that distribute longer-term emissions to every hour, day or week may 

not be suitable where there is not continuous hourly, daily or weekly activity. These conditions do 

not exist over large proportions of the study region. 

The four ports contributed 12.3% of the average hourly active spatial cells at 1 km resolution, so that 

approximately 87.7% are from outside the ports. The hourly number of ships outside the ports is 

similar in each operating mode. For slow anchorage speeds, the hourly number of active spatial cells 

is closer to the number of ships. At higher speeds, the number of spatial cells is closer to the track 

length. For ships transiting at sea, there is a strong linear relationship between the number of hourly 

active spatial cells at 1 km resolution and the total length of ship track. The associated regression 

model has a slope of 1.29 spatial cells per km of ship track. A similar linear model for daily activity 

has a slope of 0.96 spatial cells per km of ship track. The smaller slope is consistent with increasing 

overlap between the rasterised ship tracks in the region, which is more likely as the total track length 

increases over time. The individual instances of the emissions at a given temporal resolution each 

have a similar spatial extent. However, the spatial overlap of these instances is only partial, which 

results in the emissions having larger spatial extents at coarser temporal resolutions. These 

differences affect the accuracy with which the hourly emissions are estimated using longer term 

emissions, such as annual emissions, and it is therefore recommended that spatially gridded ship 

exhaust emissions are calculated with hourly resolution. 
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Chapter 7. 

Summary, conclusions and future work 

7.1. Summary and conclusions 

Shipping offers a relatively low greenhouse gas option for transport of goods (Buhaug et al., 2009). 

Although shipping is a major element of the Australian economy, ship exhaust emissions in the 

Australian region had not been comprehensively studied. There was limited knowledge about the 

exhaust emissions from ship engines and boilers in coastal regions and ports in Australia and the 

effects of these emissions on air quality in nearby urban regions. This issue was of growing 

significance because of the increased regulation of land-based emissions, the limited regulation of 

ship emissions and the planned increases in shipping activity. To facilitate accurate analysis of the 

dispersion of the emissions in the atmosphere, a high degree of spatial and temporal resolution is 

required. To allow analysis of the current sources of emissions, and the impact of future shipping 

scenarios, it is helpful to have a high degree of detail regarding ship types and sizes, and their 

relative contribution to emissions. Knowledge of the proportion of emissions from the various 

operating modes and machinery types also facilitates analysis. This study addresses these issues 

using a detailed modelling approach to calculate ship exhaust emissions, and by using the estimated 

emissions to assess ship-related impacts and the benefits of control measures. 

A model has been developed to calculate ship exhaust emissions in extensive coastal regions 

including numerous ports. The methods are based on the use of AIS activity data, which is used to 

track individual ships, and allows emissions to be calculated at both large scales and fine resolutions. 

The AIS activity data are combined with ship specific technical data to calculate exhaust emissions 

and fuel consumption for each individual vessel at frequent intervals. Operating modes are assigned 

using a combination of activity data, ship technical data and geographical data. The model has 

allowed the first comprehensive study of ship emissions in Australian waters and has produced a 

detailed inventory for each major Australian port. The methodology also quantifies emissions from 

ships on coastal and international transits, which represent the greatest proportion of ship 

emissions, but are not covered by port/local-authority initiated inventories. Emissions have been 

calculated with a high degree of spatial and temporal resolution, which is necessary to facilitate 

chemical transport modelling. Emissions and fuel consumption have been calculated for 34 ports 

representing 99% of total cargo throughput, regions within 300 km of major population centres, the 

Great Barrier Reef Marine Park, the region nominally within 200 km of the coast, and the entire 

study region, which extends between 5°S to 45°S and 105°E to 160°E. Emissions are categorised by 

ship type, ship size, operating mode and machinery type. 

The model was evaluated using a detailed approach, including comparisons with independent data 

sources. Comparisons of calculated port emissions with conventional inventories and ship visit data 

are favourable. Comparisons between modelled and measured fuel consumption for individual ships 

also show close agreement. The calculated emissions were compared with emissions from other 

sources, as given in the NPI and NGGI. There is a considerable range in the estimated percentage 

contribution of ships to airshed and regional totals. The reliability of the comparisons depends on 

the reliability and completeness of the NPI data. While PM2.5 emissions from ships are known to be 
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relatively high due to the use of high sulfur fuels, the NPI data on PM2.5 are incomplete so it is not 

possible to properly assess the percentage contribution from ships. The modelling shows that ship 

exhaust emissions in Australian waters potentially make a non-negligible contribution to pollution in 

populated regions and environmentally sensitive sea areas, depending on how atmospheric 

processes transport and deposit those ship emissions and their products. 

The ship emissions model was used to assess the mortality impact of ship-related PM2.5 in the 

greater Sydney region, and the benefits of two control scenarios that involve using 0.1% low-sulfur 

fuel. The two control scenarios involve using low-sulfur fuel at berth in the four major ports in the 

region, and using low-sulfur fuel within 300 km of Sydney. A comprehensive approach was used for 

impact assessment, involving detailed emission inventories and meteorological data, chemical 

transport modelling to calculate ship-related PM2.5 exposures, and health impact assessment based 

on the modelled population exposures. The initial ship emissions modelling calculated annual 

emissions for 2010/11 over the Australia wide study region at approximately 2 km × 2 km resolution. 

The ship emissions model was developed further to calculate spatially gridded hourly emissions 

down to approximately 1 km × 1 km resolution, to improve the estimated emissions for the Sydney 

Harbour ferries, and to model the two different low-sulfur fuel scenarios. 

For the greater Sydney region, approximately 1.9% of the annual average population weighted-mean 

concentration of all natural and anthropogenic PM2.5 was attributable to ship exhaust in 2010/11, 

and up to 9.4% at suburbs close to ports. The corresponding region-wide ship-related PM2.5 

concentration was 0.085 μg/m3. The ship-related PM2.5 concentration in populated SA2s ranged 

from 0.038 μg/m3 to 0.54 μg/m3, and the highest ship-related concentration was 0.62 μg/m3 at Port 

Botany, which has no resident population. About 1.1 million people or 20% of the population were 

living in SA2s with an annual average ship-related PM2.5 concentration of >0.1 μg/m3. There were 

an associated 220 YLL lost as a result of exposure to ship-related PM2.5 (95% CIβ: 140–290) and the 

attributable number of deaths was 17 (95% CIβ: 11–22). Using 0.1% low-sulfur fuel at berth would 

reduce peak concentrations of ship-related PM2.5 by 75% and the average concentration by 25%, 

and result in a gain of 390 life-years over 20 years (95% CIβ: 260–520). A requirement to use 0.1% 

low-sulfur fuel within 300 km of Sydney would reduce peak concentrations of ship-related PM2.5 by 

86% and the average concentration by 56%, and provide more than twice the mortality benefit with 

a gain of 920 life-years over 20 years (95% CIβ: 600–1200). 

Additional refinements to the model for calculating ship exhaust emissions were made to improve 

the treatment of regional and short-term gaps in the AIS data. A more effective down-sampling 

method was implemented and the method for assigning operating modes was improved. The model 

was initially applied using terrestrial AIS data. There are regional gaps in the coverage afforded by 

the network of ground stations that are used to collect the terrestrial AIS data. Calculating emissions 

for the gap regions involves generating interpolated ship tracks that span the gaps. A simple shortest 

path or straight-line interpolation works well where the coast has a concave shape through the gap 

region. This method does not work well where the coast has a convex shape, most notably between 

Brisbane and Newcastle on the east coast. The spatial distribution of the emissions in this gap region 

was considerably improved using a shortest path interpolation method that steers ship tracks 

around land. The interpolation method is distinguished through the use of visibility graphs to 

construct shortest paths that avoid obstacles. The resulting ship tracks are not constrained to a pre-
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defined route network in which shipping lanes are represented as simple lines. Shipping lanes are 

not lines, and can instead be many nautical miles wide. A regional data gap along the south coast of 

NSW where the coast has a concave shape was also examined. 

The boundary regions of coastal data gaps were identified using a geographical cluster analysis. 

Sampled vessel tracks that span the data gap between Brisbane and Newcastle have an average 

length of 417.5 km and an average duration of 17 h. Sampled tracks that span the data gap along the 

NSW south coast have an average length of 234.2 km and an average duration of 8.6 h. For the gap 

region between Brisbane and Newcastle, interpolated tracks that avoid coming too close to land 

were generated using a combination of visibility graphs and Dijkstra’s algorithm. In comparison with 

a simple straight-line interpolation and using SO2 as an example, emissions over water increased 

from 92.5% to 99.8% of total emissions, total emissions increased by 2.3% and emissions over water 

increased by 10.4%. The increase in the total emissions is consistent with generating longer ship 

tracks to avoid land, resulting in higher average speeds, but could also be influenced by other 

changes such as the inclusion of satellite AIS data. Emissions in this gap region were estimated to 

contribute between 27% and 31% of total ship exhaust emissions over the region within 300 km of 

Brisbane. For the analysed regions on the east coast of Australia, it was also found that northbound 

vessels tend to have slower speeds than southbound vessels, including in regions where the actual 

paths taken by vessels are closely followed. These differences might be related to the southward 

flowing East Australian Current, and loading condition for bulk carriers in particular. 

Further refinements to the model for calculating ship exhaust emissions were made to improve the 

scheme for estimating auxiliary power requirements. During the different operating modes, ships 

will only use a proportion of the installed machinery power. Actual operating powers are required to 

calculate exhaust emissions. While physical models exist for estimating propulsive power 

requirements, similar models are not available for estimating auxiliary power requirements. Earlier 

approaches assumed that installed auxiliary engine power increased in proportion to installed main 

engine power. Auxiliary-to-main engine power ratios were specified by ship type, and load factors 

were specified by ship type and operating mode. Auxiliary boiler power was generally not 

differentiated by ship size. More recent approaches are based on extensive ship survey data, and 

give tables of auxiliary engine and auxiliary boiler power binned against ship type, ship size and 

operating mode. These surveys show that auxiliary power does not necessarily increase with ship 

size or main engine power. A revised approach based on the recent data sources was adopted and 

applied to a 2016 case study for the four major ports in Victoria. The revised approach is informed by 

results from a small local survey. Comparisons were made of the impact of the different approaches 

on the magnitude and spatial distribution of the emissions. 

Port of Melbourne is the busiest of the four Victorian ports, followed by GP, PoP and PoH. Ship 

exhaust emissions within GP, PoP and PoH are dominated by AE and AB emissions, due to the 

extended time at berth compared with the time required to transit the port waters. The combined 

AE and AB emissions for PoM, which has long transits within its boundaries, are of a similar 

magnitude to ME emissions. Container ships have the largest emissions for PoM, followed by 

passenger vessels, Ro-Ro cargo ships, products/gas/chemical tankers, crude oil tankers and vehicles 

carriers. Emissions for GP are dominated by crude oil tankers, followed by bulk carriers and 

products/gas/chemical tankers. Emissions for PoP are dominated by bulk carriers, and emissions for 
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PoH are dominated by products/gas/chemical tankers. Whereas transit and anchorage emissions are 

spatially extensive, berthed emissions occur in small regions with high activity, resulting in spatial 

cells with relatively high emissions. The largest emissions for PoM are at Swanson Dock, which has 

Australia’s largest international container terminal, followed by Station Pier due to passenger 

vessels, Webb Dock due primarily to Ro-Ro cargo ships and vehicles carriers, Gellibrand Pier due to 

crude oil tankers, and Holden Dock due to products/gas/chemical tankers. 

Results from a small survey of ships berthed in PoM in 2018 are consistent with more extensive 

survey data, including from the Starcrest VBP, which show that operating AE power does not 

necessarily increase with vessel size or installed ME power. An auxiliary power scheme that includes 

these newer data sources was adopted, and the resulting emissions were compared with emissions 

from an earlier scheme in which AE power increases with installed ME power. The new scheme also 

allows AB power to vary with vessel size. The largest differences in emissions between the two 

schemes are due to a combination of differences in operating power, and high levels of activity that 

can be inferred from the port visits. The new scheme produces lower emissions for Port Phillip Bay, 

due to lower emissions at berth and in low-load/manoeuvring, partially offset by higher emissions at 

anchor and during transit. Higher emissions at anchor are largely due to tankers, which also have an 

overall increase in emissions at berth. Higher emissions at berth also occur due to cruise ships, 

general cargo and Ro-Ro cargo ships. Reduced emissions at berth and during low-load/manoeuvring 

are largely due to passenger vessels in the capacity range associated with the Bass Strait ferries, and 

container ships in the two largest capacity ranges to visit the ports. 

Ship exhaust emissions over the region within 300 km of Sydney were examined in greater detail for 

the 2014 calendar year. Spatially gridded hourly emissions were calculated at approximately 1 km 

resolution. The hourly emissions were aggregated regionally and by vessel type to examine 

variability at different temporal resolutions. Detailed annual emissions were obtained for the four 

major ports in the region. Hourly emissions are required because chemical transport processes are 

affected by diurnally varying meteorological conditions. The environment in which the emissions 

occur can also be affected by time varying emissions from other sources. An analysis was made of 

the accuracy with which the hourly emissions are estimated using longer term emissions. These 

estimates use a spatial structure provided by the longer-term emissions, together with assumed 

temporal profiles. Comparisons were made between spatially gridded annual, monthly, weekly, daily 

and hourly emissions. Spatial cell activity hours were analysed to explain large differences in the 

average spatial extent of the emissions at different temporal resolutions, the accuracy with which 

the hourly emission rates are estimated using longer term emissions, and the suitability of 

generalised temporal profiles to describe the emissions data. Regression analysis was used to model 

the spatial extent of the hourly and daily emissions. 

The four major NSW ports collectively contributed between 15.3% and 25.5% of ship exhaust 

emissions within 300 km of Sydney. The highest fuel consumption was for PJ, followed by PB, PoN, 

and PK. The emissions are also affected by factors such as the use of ULSD by the Sydney Harbour 

ferries. Emissions for ocean going vessels are largest at berth, and emissions for the harbour ferries 

are largest during transit. The highest NOx emissions in PJ were for the harbour ferries followed by 

cruise ships. The largest emissions are associated with the cruise ship terminals at Circular Quay and 

White Bay, followed by Gore Cove due to tankers. Emissions further west are primarily due to the 
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harbour ferries. The largest emissions for the harbour ferries are between Circular Quay and Manly. 

Emissions for PB are dominated by container ships followed by tankers. The largest emissions are 

associated with the container ship berths and include emissions from tankers. Kurnell wharf has the 

next highest emissions due to tankers. Emissions for PoN are dominated by bulk carriers and the 

highest emissions are adjacent to the two coal precincts. Emissions for PK are dominated by bulk 

carriers and vehicles carriers. The coastal shipping channel has multiple branches for ships visiting 

the ports and ships transiting along the coast without visiting any of the ports. 

The use of low-sulfur fuels in marine diesel engines has very little impact on NOx emissions, which 

are precursors for tropospheric ozone and photochemical smog that primarily affect air quality in 

summer. Cruise ship emissions for PJ vary both seasonally and diurnally, with low activity in winter 

and high activity in spring and summer. Diurnal variability is associated with a preference for 

hoteling at berth during the day and cruising at sea overnight. These patterns are also evident in 

scheduled cruise ship visits to PJ in 2019 and 2020. Fuel consumption and emissions for the Sydney 

Harbour ferries have a strong but more complex diurnal variation with secondary peaks in the 

morning and late afternoon that are consistent with work related commuting. There are smaller 

secondary peaks in the very late evening. A reduction in activity for crude oil tankers at PB from 

October 2014 is probably related to the closure of the Kurnell oil refinery. This closure may have 

contributed to an increase in activity for products/gas/chemical tankers. Activity increased in the 

second half of 2014 for bulk carriers at PoN, container ships at PB and vehicles carriers at PK. The 

activity of bulk carriers at PoN is dominated by coal exports, whereas the activity at PK is dominated 

by a combination of coal and grain exports. The greater variability of the activity at PK for bulk 

carriers could be due to the additional influence of grain exports. 

Ship exhaust emissions within 300 km of Sydney have vastly different spatial extents at different 

temporal resolutions. These differences affect the accuracy with which the hourly emissions are 

estimated using longer term emissions, with respect to both over-estimating the spatial extent and 

under-estimating the emission rates. Over this region at 1 km resolution, only 0.6% of the annually 

active spatial cells are expected to be active hourly. This accuracy increases to 6.0% when the hourly 

emissions are compared with daily emissions. These accuracies improve at coarser spatial 

resolutions, due to convergence of the average spatial extent of the emissions at different temporal 

resolutions. The emissions data have smaller spatial extents at finer temporal resolutions because 

many of the associated spatial cells do not have continuous activity. These accuracies are larger for 

the ports because the average activity hours are higher. On comparing 1 km hourly and annual data, 

the largest accuracy is for PJ at 28.8%. The activity hours vary within the ports and are largest where 

ships berth. Temporal profiles that distribute longer-term emissions to every hour, day or week may 

not be suitable where there is not continuous hourly, daily or weekly activity. These conditions do 

not exist over large proportions of the study region. 

The four ports contributed 12.3% of the average hourly active spatial cells at 1 km resolution, so that 

approximately 87.7% are from outside the ports. The hourly number of ships outside the ports is 

similar in each operating mode. For slow anchorage speeds, the hourly number of active spatial cells 

is closer to the number of ships. At higher speeds, the number of spatial cells is closer to the track 

length. For ships transiting at sea, there is a strong linear relationship between the number of hourly 

active spatial cells at 1 km resolution and the total length of ship track. The associated regression 
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model has a slope of 1.29 spatial cells per km of ship track. A similar linear model for daily activity 

has a slope of 0.96 spatial cells per km of ship track. The smaller slope is consistent with increasing 

overlap between the rasterised ship tracks in the region, which is more likely as the total track length 

increases over time. The individual instances of the emissions at a given temporal resolution each 

have a similar spatial extent. However, the spatial overlap of these instances is only partial, which 

results in the emissions having larger spatial extents at coarser temporal resolutions. These 

differences affect the accuracy with which the hourly emissions are estimated using longer term 

emissions, such as annual emissions, and it is therefore recommended that spatially gridded ship 

exhaust emissions are calculated with hourly resolution. 

7.2. Limitations and future work 

There are sources of uncertainty associated with each aspect of the methodology that is used for 

calculating fuel consumption and exhaust emissions, including the operating power of the three 

machinery types, the ship activity that is determined using the AIS data, and the BSFC and emissions 

factors. The use of AIS activity data to track individual ships, together with ship specific technical 

data, makes an important contribution to reducing uncertainty. Ship specific information is usually 

available for main engines, including engine type and installed power, and the AIS data allow ship 

speed and location to be updated frequently. The ship speed is used to calculate the ME load, and 

the ship speed and location are used to assign operating modes. These calculations also use the ship 

service speed. The operating powers of auxiliary engines and auxiliary boilers are derived from 

generalised default tables, by vessel type, vessel size and operating mode. The actual fuel sulfur 

content for any individual vessel is not known as there is no single value for the fuel type used. The 

sulfur content of RO can typically range from 2.5% by mass to 3.5% by mass. Uncertainties in the 

emissions factors are as large as 50% for quantities such as PM2.5 (Cooper and Gustafsson, 2004). 

This variability can be produced by differences in engine design, varying stages of maintenance, 

differing fuel properties and atmospheric conditions. 

There is some uncertainty in the calculated ME load, particularly at speeds that are distant from 

service speed. Actual ME power could be estimated using ship resistance and propeller losses, 

subject to the availability of sufficiently detailed ship technical data. The influences of currents, 

waves, wind, hull/propeller fouling, trim, squat, cargo load, engine condition and fuel quality have 

not been modelled. A vessel whose progress is being retarded by the wind, waves or currents will 

operate with higher ME power than is required when operating at the same speed in favourable 

conditions. The influence of currents will vary regionally and will be greatest in regions with strong 

currents. The influence of engine load transients on emissions has not been taken into account, 

although it would be possible to use the closely spaced activity data to calculate accelerations and 

decelerations and then adjust the ME load accordingly. This refinement would require detailed 

analysis of the emissions from propulsion engines during such transients because these data are not 

readily available. Fuel consumption and exhaust emissions from dredges and tugs will be 

underestimated because operating power is not a simple function of speed. Both vessel types can 

operate at high power while nearly stationary. 

Auxiliary electrical power needs can vary considerably according to factors such as the weather and 

cargo requirements. The number of refrigerated containers on any particular ship is usually not 
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known. Some studies have assumed that refrigerated containers consume an average of 2.7 kW/TEU 

with a potential variability of 60% (e.g., Fitzgerald et al., 2011). The electrical power required for 

refrigeration and air conditioning can vary with local air temperature and humidity. If ships are using 

their own cargo cranes or electrically driven hydraulic pumps for cargo or ballast, then electrical 

power needs will rise accordingly. Electrical power requirements can also vary for other reasons 

during a given operating mode. For example, the Bass Strait ferries have higher electrical power 

requirements during unloading and loading for forced ventilation of their vehicle decks. During the 

stages of manoeuvring close to berth, bow thrusters will only be used intermittently, and the 

assignment of a single value of AE power for manoeuvring is only an approximation to the real 

situation. However, this stage of manoeuvring does not constitute a large proportion of the time 

spent in port. Some vessels may also need to run thrusters simply to maintain position at berth if 

cross winds are high. The use of shaft generators is not modelled, and if included would slightly 

reduce fuel consumption but increase NOx emissions. 

Ship exhaust emissions can be underestimated due to periods of missing AIS activity data. Periods of 

missing AIS data are identified using hourly position report counts. For example, 164 h of missing AIS 

data were identified in 2014, spread across 13 gap periods including five periods of one day. The 

identified gap time could be used to adjust the annual emissions by multiplying the non-gap totals 

with a small completion factor of approximately 1.02, which is the ratio of the number of hours in 

the 2014 calendar year to the number of hours with data. However, the actual impact on the 

estimated emissions will depend on the detailed nature of the missed activity. The visit data 

maintained by the local port authorities are a useful independent data source for evaluating the 

activity that is derived from the AIS data. Similar considerations apply if there are regional gaps in 

the AIS data, in which case emissions can be substantially underestimated unless care is taken to 

steer interpolated ship tracks around land and other obstacles. The speed that is used for calculating 

the ME load is the travel speed of each track edge, derived from the distance and duration. This 

speed is subject to possible errors in the reported position. Consistency checks are used to verify 

that speeds are reasonable, and new edges are generated to replace anomalies. In some instances, it 

may be necessary to use generic ship technical details, if there are missing data for identified ships, 

or if some of the AIS data cannot be assigned to identified ships. 

While it is important to quantify uncertainty, the variability that is associated with many of the 

individual sources is at present poorly understood. Studies that have used Monte Carlo simulation 

for forward uncertainty propagation have therefore been limited in scope, and have only included a 

small subset of the different sources of uncertainty (e.g., Liu et al., 2016). Improved outcomes can be 

achieved with more accurate information, especially on emissions factors, the actual power and fuel 

consumption of auxiliary engines and auxiliary boilers, and fuel sulfur content. The IMO has been 

active in reducing ship exhaust emissions. There is a potential source of useful data in the NOx 

Technical File for individual ships, which provides technical information that is relevant to ship 

specific NOx emissions. The need to reduce greenhouse gas emissions has resulted in the EEDI for 

new ships and a working SEEMP for all ships. The impact of these measures needs to be accounted 

for in emissions calculations, and there is also the potential that these measures can provide useful 

data for individual vessels. It is recommended that further extensive surveying be carried out to 

facilitate modelling of the magnitude and variability in machinery power, fuel consumption and 

emissions. One aim would be to have thorough vessel specific data including factors that produce 
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variability between individual vessels. An improved understanding of this variability will also assist in 

quantifying the uncertainty in the estimated emissions. 

Countries like Australia have options under the International Maritime Organisation (IMO) 

conventions to implement more stringent requirements on ship emissions. These options include 

special Emission Control Areas (ECAs) where ships have been required to use 0.1% low-sulfur fuel 

from 2015. Ships operating in any part of the world will be required to use 0.5% low-sulfur fuel or 

take equivalent measures from 2020. However, in ECAs the requirements are much more stringent 

and come into play sooner. The use of low-sulfur fuels in marine diesel engines has very little impact 

on NOx emissions, which are precursors for tropospheric ozone and photochemical smog that 

primarily affect air quality in summer. The IMO has also imposed global Tier I and Tier II restrictions 

on NOx emissions, based on ship age and engine type. Stronger Tier III restriction can be required in 

ECAs, and currently apply in ECAs for North America including the United States and the Caribbean 

Sea, to ships constructed on or after 1 January 2016, and in the Baltic Sea and North Sea ECAs to 

ships constructed on or after 1 January 2021. The emissions modelling in this study has been used to 

assess ship-related health impacts and the benefits of using 0.1% low-sulfur fuel within 300 km of 

Sydney, and could be developed further to assess whether the introduction of an ECA or other ship 

emissions control measures are justified for Australia. 
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Appendix A. 

Supplementary material 

 

This appendix provides unpublished supplementary material for Chapter 4. 

A contemporaneous paper (Johansson et al., 2017) that in each case was submitted and published 

after Chapter 4 (Goldsworthy, 2017) uses shortest paths constructed from a pre-defined route 

network to interpolate ship tracks across regional gaps in the AIS data. Shortest paths constructed 

from a pre-defined route network have also been used to calculate emissions for inter-port traffic in 

North America (Wang et al., 2007). This approach was subsequently applied in coastal waters 

associated with Hong Kong (Yau et al., 2012). Global emissions for inter-port traffic have been 

calculated using related shortest path methods (Paxian et al., 2010). Using route networks constrains 

the constructed paths to pre-defined lines. However, shipping lanes are not lines and can instead be 

many nautical miles wide (e.g., Wang et al., 2007). The methods described in Chapter 4 are 

distinguished in part through the use of visibility graphs to construct shortest paths that avoid 

obstacles. The constructed routes are not constrained to pre-defined networks. 

The boundary regions of coastal data gaps are identified using a k-means cluster analysis, which is 

applied to geographical positions using two clusters. The positions are vertices for track edges that 

are selected from a broader region that includes the coastal data gap, and that have durations and 

speeds greater than specified thresholds. The duration threshold is chosen to be less than, but close 

to the average duration of the gap. The speed restriction is used to limit the inclusion of edges for 

vessels that are not in-transit. Geographical positions used to identify the boundary regions of the 

AIS data gap between Brisbane and Newcastle are shown in Figure A.1. Positions shown in red are 

from edges that coincide with short-term data gaps. For each cluster, convex hulls are shown for the 

top 100%, 95% and 90% of positions in the cluster that are closest to the geographic midpoint. 
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Figure A.1: Geographical positions used in the cluster analysis to identify the boundary regions of the AIS data gap 
between Brisbane and Newcastle. Positions shown in red are from track edges that coincide with short-term data gaps. 
Convex hulls are shown for the top 100%, 95% and 90% of positions in each cluster that are closest to the geographic 
midpoint. 

 

All track edges that span the two outer hull regions from the cluster analysis are identified. The 

outer hull region for each cluster encloses 100% of the positions in the cluster. The majority of these 

track edges do not cross the line of closest approach and are not subject to routeing. The associated 

track edges are shown in Figure A.2. 
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Figure A.2: The majority of the track edges that span the outer hull regions do not cross the line of closest approach and 
are not therefore subject to routeing. These track edges are shown in green. 

 

Track edges that span the outer hull regions and cross the line of closest approach are replaced with 

tracks that are routed on paths that avoid crossing the line, using a combination of visibility graphs 

and Dijkstra’s algorithm. The routed ship tracks are shown in Figure A.3. 
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Figure A.3: Ship tracks for track edges that are routed to avoid crossing the line of closest approach. 

 

The estimated ship exhaust SO2 emissions prior to routeing ship tracks to avoid coming too close to 

land are shown in Figure A.4. Emissions in the main shipping channel are placed over land. 
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Figure A.4: Estimated ship exhaust SO2 emissions (tonnes/annum) at approximately 2 km × 2 km resolution, prior to 
routeing ship tracks to avoid coming too close to land. 

 

The estimated ship exhaust SO2 emissions after routeing ship tracks to avoid coming too close to 

land are shown in Figure A.5. The results are also affected by other changes such as the inclusion of 

satellite AIS data. Emissions in the main shipping channel are clearly located offshore. 
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Figure A.5: Estimated ship exhaust SO2 emissions (tonnes/annum) at approximately 2 km × 2 km resolution, after 
routeing ship tracks to avoid coming too close to land. The results are also affected by other changes such as the 
inclusion of satellite AIS data. 
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