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Abstract

We present a comprehensive global shipping emissi@ntory and the global activities of ships
for the year 2015. The emissions were evaluatedgussie Ship Traffic Emission Assessment
Model (STEAMS3), which uses Automatic ldentificatidBystem data to describe the traffic
activities of ships. We have improved the modelarding (i) the evaluation of the missing
technical specifications of ships, and (ii) theatment of shipping activities in case of sparse
satellite AlS-data. We have developed a model lier ¢ollection and processing of available
information on the technical specifications, usohgta assimilation techniques. We have also
developed a path regeneration model that constrwtisnever necessary, the detailed geometry
of the ship routes. The presented results for éeelsumption were qualitatively in agreement
both with those in the™3Greenhouse Gas Study of the International Marit®nganisation and
those reported by the International Energy AgentAge have also presented high-resolution
global spatial distributions of the shipping emiss of NQ, CO,, SGQ, and PMs. The emissions
were also analysed in terms of selected sea asbgs,categories, the sizes of ships and flag
states. The emission datasets provided by thisystne available upon request; the datasets
produced by the model can be utilized as input @atair quality modelling on a global scale,
including the full temporal and spatial variatioi shipping emissions for the first time.
Dispersion modelling using this inventory as inpah be used to assess the impacts of various
emission abatement scenarios. The emission conuiaiethods presented in this paper could
also be used, e.qg., to provide annual updatesedjltibal ship emissions.

Keywords: Global shipping emissions, AlS, shorfegh networks, CO2, STEAM
1. Introduction

Reliable and detailed emission inventories areialdor the accuracy of air quality modelling;
such inventories should include all sectors of mbhgenic and non-anthropogenic pollution.
Information on emissions should also include a iceffitly detailed treatment of their
geographical and temporal variations. The introdacbf an automatic vessel position reporting
system, called the Automatic Identification Systd@lS), has significantly reduced the
uncertainties concerning ship activities. Currerdly vessels larger than 300 tons globally report
their position with a few second intervals.

The use of Automatic Identification System (AlS)ialdor the assessment of shipping
emissions has substantially increased during thieféav years. Both the geographical coverage
achieved via AIS satellite receivers and the amadnisable AlS-based shipping activity data
have substantially increased while the financiatedor acquiring the relevant AIS data have
significantly decreased. The availability of thewndata has made it possible to use refined
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methods that can significantly improve the quatifybottom-up ship emission inventories. The
main advantage of such bottom-up emission invezgpgompared to the top-down ones, is that
these can describe the emitters in a more realiséioner, while maintaining the connection
between single emitters and large scale inventodiesaddition, it is possible to construct
sophisticated emission scenarios and analyze ail die¢ spatial-temporal variation of emissions.

The AIS system is useful for the evaluation of shipissions, as it provides continuously
automatic information on the vessel positions arslaintaneous speeds of ships. If the required
vessel characteristics are also known, the exhanmss$sions can be modelled on very high
temporal and spatial resolutions. The ship emissimentories based on the use of the AIS
signals have several significant advantages oweptéviously developed approaches (e.g., Smith
et al., 2015, Jalkanen et al., 2016). Such invesgare based on time-dependent, high-resolution
dynamic traffic patterns, which can also allow,.e.fpr the effects of changing weather
conditions.

The function of AlS-data as a means to estimatppsahg emissions is not new; AIS has
been used previously for the assessment of emsssiod air pollution originated from shipping.
However, the scope of these studies has commoely lmited either to city-scale, for instance,
regarding the influence of harbours and nearby staffic, or to selected sea regions (e.g.,
Jalkanen et al., 2012; Johansson et al., 2013takh, 2016, Marelle et al., 2016, Goldsworthy et
al, 2015, Song, 2014, Ng et al., 2013, Matthiaalet2016, Aulinger et al., 2016). There is one
exception: in the Third Greenhouse Gas (GHG) Stufdie International Maritime Organisation
(IMO; Smith et al, 2015), AlS-data was used to assglobal shipping emissions. Before the
present study, the Third GHG Study therefore represl the most detailed and comprehensive
global inventory of shipping emissions. The aimtludt study was to provide IMO with both a
multi-year inventory and future scenarios for greéense gases and other emissions from ships.
Analysis in that study was carried out for eactpshiring each hour of each of the years 2007—
2012, before aggregation to evaluate the totaleml&ince the focus of that study was on the
evaluation of the total shipping emissions, thénarg did consider neither the realistic pathing of
individual ships nor the resulting spatial- and penal variability of global shipping emissions.
However, an accurate representation of the spatidltemporal variability the global shipping
emissions is crucial for air quality modelling pases.

Corbett et al. (2007) analysed the global prematooetality caused by ship emissions.
They evaluated that shipping-related PM emissioagevannually responsible for a considerable
amount, approximately 60,000, cardiopulmonary amagl|cancer deaths. The impacts were
focused in coastal regions on major trade routestmpremature deaths occurred near coastlines
in Europe, East Asia and South Asia. Liu et al1@Cevaluated the health and climate impacts of
vessels in East Asia, using a detailed bottom-uf-Bdsed shipping emission model. They
reported that shipping emissions in East Asia laguidty increased since the beginning of this
century. According to that study, East Asia accedrbr 16 % of global shipping G@missions
in 2013, compared to only 4-7 % in 2002—-2005. Fasrtthe emissions from shipping in East
Asia resulted in substantial adverse health impaeith 14,500-37,500 premature deaths per
year according to Liu et al. Since the data regarthe technical characteristics of vessels can be
difficult to obtain, especially for smaller vessdlsu et al. adopted Gradient Boosting Regression
Trees (GBRT) to refine their technical vessel dasab Despite the adopted GBRT technique, the
amount of identified and technically specified \edsswas limited to 18,300 ships; the clear
majority of AlS-messages (3.7 billion of 5.7 bilip originated from ships that could not be
identified and were omitted from the modelling.

The present authors have previously introducedShigp Traffic Emission Assessment
Model (STEAM), which uses AIS data to describe stigdffic activity. The previous model
versions have been described in detail by Jalkateal. (2009, 2012, 2014 and 2016) and
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Johansson et al. (2013). The model has previousBn bapplied to evaluate the shipping
emissions in the Baltic Sea (Jalkanen et al., 2083he Danish Straits (Jalkanen et al., 2012), in
the Baltic and North Seas (Johansson et al., 20@8son et al., 2016), and in the whole of
Europe (Jalkanen et al., 2016).

In this study, we present for the first time a glhkentirely bottom-up, physically realistic
AlS-based assessment of shipping emissions onhighyspatial and temporal resolutions. Our
modelling approach is based on the vessel watestmase method (Hollenbach, 1998). We
model the shipping activities of each vessel teatlsAIS-data and consider the activities of ships
between the consecutive AlS-messages on a minutgrayte basis. We have constructed a route
generation algorithm to handle the challenges edlato the sparsity and heterogeneous
distribution of AlS-data. Further, we use dataragation techniques to assign physically
realistic properties for ships, for which the teiclh information is incomplete or missing. We
included non-IMO registered traffic in our modeffinfor each ship we included also the
temporally resolved effects related to emissiontrmdrareas and emission abatement equipment
installed on-board. The final results can readily bised as input values for atmospheric
dispersion models.

The first aim of this study is to describe the $atemprovements of the applied
mathematical emission model (called STEAMS3), esglsciocusing on two key improvements
that were required to perform the global assessnéiite second aim is to inter-compare the
numerical results on the fuel consumption to thielesreported in the corresponding previous
inventories. The third aim is to present new sel@atumerical results on the activities and
atmospheric emissions of global shipping. We hastepnesented an evaluation of the STEAM3
model against measured emission or concentratite idathis paper; that has been addressed
extensively in several previous studies (e.g., al&k et al., 2009, 2012, 2014 and 2016;
Johansson et al., 2013; Marelle et al., 2016).

2. Methods

The STEAM model combines the AlS-based informa#iod the detailed technical knowledge of
the world fleet with principles of naval architeuThis input information is used to predict the
resistance of vessels in water and the instant@neagine power of the main and auxiliary
engines on a minute-by-minute basis, for each Vésaehas sent AIS messages. The model then
predicts as output both the instantaneous fuel wopton and the emissions of selected
pollutants (Jalkanen et al., 2012; Johansson,e2@13).

In the following, we introduce a refined versiontbé Ship Traffic Emission Assessment
Model (STEAM3) and describe the improvements ofrtiael that were required for the global
assessments. These include the methods that coat@dos (i) the missing information on the
technical specifications of a fraction of the shgl (ii) the scarcity of satellite data in some
regions. In addition, we address (iii) the moddinements that allow for the modelling of
international emission control areas, the use aftders and dual fuel systems. In this study we
have used the commercial AIS messages, both teaiesind satellite-based, provided by
Orbcomnt for the year of 2015. Detailed vessel characiesidtave been gathered for more than
90,000 individual ships, reported by IHS Fairplay ather ship classification societies.

The main components of the modelling approach, lwiaie applied separately to each
ship, have been schematically presented in Figuifieh& modelling can be broadly classified to
three stages. In the first stage, the relevantidagathered from various sources, assimilated and
pre-processed. In this initial process we have @iesnbined all ship activity data from multiple

1Orbcomm, 395 W Passaic Street, Suite 325, RocRelike, NJ 07662 USA, 2017.
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sources, and then sorted the data chronologidaleyhave next identified the possible significant
spatial and temporal gaps in the vessel specifivigcdataset, and applied route generation
algorithms to better process the information comgdiin the activity data (Section 2.2). For the
most vessels there were also missing technicailsletdhich can be either missing data fields or
completely missing entries in the ship databasehSuissing entries have been replaced based
on (i) the technical information derived from seéégtsources in the www, (ii) the information in
the static AlS-data and (iii) an algorithm that lregtes the missing information based on a
similar vessel listed in the database (Section 2.1)

Online Ship Activity
sources Database data (AIS)

Data assimilation

| l

Technical
= nlcla Activity state
properties

[

Onboard !
Equipment Aux. Main
Power Power Shaft
] Fuel grades & FSC generation

Vessel state

Fuel consumption Engine loading

¥

—— Emission factors

Fuel consumption & emission state

Emissions (g/s)

Figure 1: Schematic diagram of the modelling apginaand the three stages of modelling (data cotlecti
assimilation and pre-processing; vessel propeatieisstate evaluation; fuel consumption and emission
evaluation). The yellow colour refers to the ingdata, green to external factors, light blue to pre-
processing and dark blue indicates individual medehponents.

After the technical properties have been assiedland the shipping routes have been
generated, the second stage is to assess thefstiagevessel on a minute-by-minute basis. In this
stage, the main goal is to estimate the requir@gepoutputs for engines, as well as the used fuel
grades and their fuel sulphur content. Howevenettsge numerous interdependent factors that
affect the outcome of this assessment. The acstiie (which we define to include the location,
time, speed, acceleration, operational mode, ardb#rthing time counter) and the technical
details of the vessel are used to assess thd neitjaired power output; this is done separatety fo
the main and auxiliary engines. Environmental fes;teuch as waves, sea currents and ice cover,
can increase the required main power, but the enfle of such factors was not taken into
account in this study. The combination of thesedi@; when taken into account, could increase
the global annual fuel consumption estimates bhyash as 5-15 percent.
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If the ship can generate auxiliary power with shgéherators or uses diesel-electric
principle for power transmission, then the auxylimower requirement will be allocated to the
main engine. The model is then used to evaluatdulegrades consumed by each engine, and
the fuel sulphur contents (FSC). This evaluatidkes$anto account the technical limitations of the
engines and the local emission regulations, as aglthe availability of emission abatement
equipment. For instance, in emission control atkasuse of an operational open-loop scrubber
facilitates the use of a cheaper fuel that haglladniFSC. The additional auxiliary power required
for the use of the scrubber is also taken into aeto

In the third stage, the engine loading, the fuehsumption and the emissions are
computed. The model is also used to evaluate wéngjines are operational, and what are their
balanced loads. The instantaneous fuel consumpiiohexhaust emissions are then computed
based on the technical engine details, the loatbrfscthe fuel grade and the abatement
equipment (Jalkanen et al., 2012).

2.1Evaluation of the technical specifications of veske

Only a minority of the number of ships that sen@Ahessages have a unique IMO identification
number that can be used to associate the propknitat specifications to these vessels. In

addition, even the IMO-registered vessels haveoimes cases incomplete specifications, e.g.,
there may be no information on auxiliary enginespteviously published studies, averages of
vessel types have therefore been used to compietemissing entries. However, using the

averages of vessel types will in a notable fractibnases result in substantially inaccurate values
(Appendix A). In Liu et al., 2016 this issue waslegssed by using Gradient Boosting Regression
Trees (GBRT) to refine their existing technical atatse. In this study, we propose another
method that does not rely on the averages of vagpek. We complete the missing entries

regarding ship technical specification by searclargp-called most similar vessel (MSV) in the

ship properties database. Additionally, we extrassel specifications from internet sources and
static AlS-data so that the proposed search algortan also be utilized for the sizable global

non-IMO registered fleet.

The MSV search process has been defined to praeéallows. First, a list of possible
MSV’s is compiled, containing all ships of the satyyge as the ship, for which the technical data
is incomplete. For each of these candidate shipseasure of difference is computed, based on
the relative differences of the length of ship (LCskd the design speed between the candidate
ship and the ship in question. The candidate sliip tive smallest difference measure is selected
as the MSV. The missing technical entry is thedasgd by the information reported for the
MSV.

The difference measuseis defined as

TN

wherev is the design speed of the ship,s the design speed of the candidate dhipthe ship’s
length (LOA), l. is the candidate ship’s length and= 0.35. The empiric weighting factaz
has been optimized using Monte Carlo —simulatidr@sed on a large number of known ship
entries in the ship properties database. Bothshmation of the facton and an evaluation of the
overall performance of the MSV search algorithmehbgen presented in Appendix A.
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In order to use the MSV search for an unknownsuyamreably small vessel, at least the
length, design speed and type of vessel must bevikndJnfortunately, these pieces of
information are not usually available. To addrdsis issue we have produced an additional
Maritime Mobile Service Identity (MMSI) -linked taaical database using the information from
several billion static AlS-messages included in @rdcomm data for 2015 and a web crawler
that uses the Bing search engine and systematicedlyses the World Wide Web. In case the
static AlS-data contains insufficient amount offieical information the vessel’'s MMSI number
is used as the search keyword in Bing. The weblerdailows links to the listed web pages and
parses numerical values after identified key wostgh as ‘length’, ‘breadth’, ‘size’ and ‘type’.
The details for the web crawler have been presant&lipplements A, including a performance
evaluation using 100 randomly selected vessels.

2.2 Assessment of the routes of vessels in case of seatata

For regions that are covered only by the satdiidsed AIS data and there are no terrestrial
receivers nearby, the input data for the modellbag be scarce: the geographical distance
between two consecutive AlS-messages can be thadsisdirkilometres for a selected vessel. For
each pair of consecutive messages we apply phy&edibility checks and corrections to
determine the activities between the two activipings (Johansson et al., 2013). However, an
attempt to interpolate the activities in the shigproutes using, e.g., great-circle paths may resul
in an unrealistic situation, in which the route Wwbwross over land areas. In fact, any two
consecutive route points that are spatially clasedch other could actually be associated to a
much longer travel route across the seas. To asldnesissue, a route generation algorithm has
been developed and implemented to the STEAM3 mwtalh can be used to evaluate the non-
trivial route segments.

For the route generation, we have used a Dijksgyarithm to determine the shortest path
network (Cherkassky et al, 1996), which was alsdsr this purpose by Paxian et al (2009). A
more detailed description of the route generatigorghm has been presented in Appendix B.
The basic principle of this method has been ilatstl in Fig 2. First, we use the STEAM3 model
to determine the geographical distribution of thel consumption of the IMO-registered vessels,
without using the route generation algorithm. Theuiting gridded fuel consumption data, in
which the shipping lanes are clearly visible, isdigas a basis to describe the shipping routes as a
series of coordinate points. Together the descrid@gping routes form a vast network of
interconnected routes; the total length of the oétws 1.04 million kilometres and is formed by
4,900 nodes and 12,300 arcs that connect the rfodesch other. Thus the network facilitates
approximately 12 million unique node-to-node shsirfwth routes.
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Figure 2: The network of nodes and arcs (light liles) that facilitate the Dijkstra algorithm fire
assessment of shortest possible shipping routeexample route given by the algorithm is shown, a
sequence of nodes (yellow dots) and arcs (red)livetsveen a location near the English Channel and a

location near Japan.

In brief, the algorithm is used as follows: firétased on the two consecutive AIS-
messages it is evaluated whether or not the segnesus sophisticated path generation (e.g,
there exists a significant amount of land mass betwthe points). Second, in case the route
generation is needed, the closest nodes to thepstat and the end point of the activity segment
are identified. Third, the shortest path betweendtart node and the end node is evaluated with
the Djikstra algorithm. Finally, additional proxyl®messages are generated in between the first
and the last AlS-message, following the generaledtsst path, in such a way that the timing of
the generated messages are in agreement with tthelipeance and the vessel speed.

This approach also facilitates the use of harbativad and departure data as input values
to the model, further improving the geographicalerage of ship activity tracking in cases of
incomplete AIS coverage.

2.3 Evaluation of the influence of emission contraireas, scrubbers and dual fuels

We have taken into account the influences of adrimationally regulated emission control areas
that were effective in 2015; these affect the maximallowed Fuel Sulphur Content (FSC).
These emission control areas include the North AcarrSECA (sulphur ECA) region, the North
European SECA region and the EU region. These megltave been treated in the model
mathematically as polygons, inside which there waeet of rules that all ships must comply.
E.g., within the EU region the FSC of a passenbgr siwust not exceed 1.5 %. During berthing
for more than two hours, the FSC must not excedd%. However, if on-board emission
abatement systems are used, fuels with a higherda®®e used but the effective emissions of
PM,s and SQ must not exceed the corresponding emissions asthiby using the maximum
allowed FSC without on-board emission abatement.

We have compiled a global up-to-date list of shypisich have a sulphur scrubber installed
using publicly available data sources. The usénefscrubber together with the FSC regulations
will determine dynamically the modelled FSC foriwdual ships (Johansson et al, 2013). We
have assumed that the cheapest fuel is used thafiesathe regulations, allowing for the
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technical limitations. Additionally, for open-loogcrubbers we have taken into account the
additional power (2-3 %) required to operate theulsiger system. Whenever relevant, other
emission abatement factors and technologies tfettamissions are also applied (Jalkanen et al,
2012).

The use of dual fuel engines that apply liquid reltigas (LNG) have also been
implemented in the model. In case of the vessal§ppgd with such dual fuel engines, the fuel
for the main engine is assumed to be switched t& lduiring cruising mode. This affects the
emission factors for CONOy, PM, s and SQ.

3. Results

The global fuel consumption and the emissions veeraputed in a numerical grid using the
WGS84 coordinate system. The grid contains 6,008 2rb00 cells in each direction,
respectively. This corresponds to a grid spacingpugroximately 7 km in the vicinity of the
equator.

3.1 Comparison of results with those of previous stlies

We have compared the predicted consumption of fluethe global shipping with the values
reported by the International Energy Agency (IEA} @he predictions in thé3MO greenhouse
gas (GHG) study (Smith et al., 2015). This compmeris presented in Table 1, both for the total
fuel consumption and for two marine fuel classesweler, the corresponding values for 2015
were not available in the above mentioned referenee have therefore included the latest
reported values in the table. The known discreanaf the presented IEA fuel statistics (export
versus import discrepancy) have been discusse8mitlf et al., 2015); the presented IEA fuel
statistics can be regarded as the lower limit,dopn estimates for the global fuel consumption.

Table 1: The predicted consumption of fuel for glioghipping, reported by the International Energy
Agency (IEA) and the '3IMO greenhouse gas study, compared with the vafugrss study. Notation:
HFO is heavy fuel oil and MDO is mostly marine @ilesil, but also includes marine gas oil (MGO).

IEA 2007 IEA 2011 IMO GHG3 2012 STEAM3 2015
Statistics statistics modelled modelled
Total fuel consumption [L0° kg] 249 254 300 276
HFO 195 191 - 195
MDO | 54 62 - 81
Processed AlS-messages - - 3,700 16 7,800 16

Clearly, the fuel consumption values for differgetars are not quantitatively comparable. The
total fuel consumption for 2015 evaluated in thisdy is 8.6 % larger than the corresponding
value in 2011 by IEA, and 8.0 % smaller than theresponding value by IMO GHG study for
2012. However, in the Third IMO GHG study it was@ased that weather effects alone would be
responsible for 15% additional power requirement top of the theoretical resistance
requirements while in this work we have chosen tnaimplement such a scaling factor to the
power requirements. Assuming that the modelled ft@isumption of STEAM3 would be
correct, the difference between IEA 2011 and tHeevaf this study in 2015 would indicate an
annual growth of 2.1% for the fuel consumption loé tglobal fleet between 2011 and 2015.
Projections made by UNCTAD (Hoffmann et al., 20¥5edicted an increase of 3.9% in
seaborne trade for the above mentioned period; henvehe increase in time of the fuel

8
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consumption is expected to be smaller than thatsedborne trade, as there have been
improvements in the energy efficiency of vessels @mnges in the ship size.

The values evaluated separately for the two mdtiakclasses are also not substantially
different, as evaluated in this study in 2015, cared with those by IEA in 2011. Our modelled
share of the use of the MDO fuel compared with ttital fuel consumption is larger than the
corresponding share of the use of the MDO fuelhie EEA statistics. This difference can be
explained by the addition of new emission contn@aa, or stronger regulations in existing
emission control areas, during 2011 and 2015. kamele, in the Northern European ECA the
use of the HFO fuel was generally not possibled&a5 without the use of emission abatement
equipment. We conclude that the predictions ofpifesent study for the fuel consumption are not
in a disagreement with these two previous studies.

We have also evaluated the global amount of mdrade. This was computed based on
the distances sailed and the cargo capacity ofel&esaccording to the principles of the use of
cargo space, as defined in tHd MO GHG study (Buhaug et al., 2009). The worlatsarne
trade was estimated to be 103,000 billion®(16n km. This value is not substantially different
from the estimate by UNCTAD (Hoffmann et al., 2018) 100,447 billion ton km for 2015
(converted from 54,237 billion ton miles). The dittnce between these two estimated values is
less than 3 %.

3.2 The globally summed annual emissions from shipgug

The total annual emissions estimated in this sar@ypresented in Table 2. The IMO-registered
marine traffic is responsible for most of the ernaiss for all the considered pollutants, e.g., for
approximately 91 % and 93 % of the £€@nd PM s emissions, respectively. However, the
presented emission totals are likely to underesérttee global shipping emissions as the weather
effects were not taken into account in this stulgiditionally, the lack of AlS-data in some
coastal regions can also contribute to this undieraton, for which an example exists:
previously, using 1.7 billion terrestrial AIS-megsa at the Baltic Sea the authors estimated the
annual CQ emissions at the Baltic Sea to equal 15,900 kt&g) (in 2015 (Johansson and
Jalkanen, 2016). In this study the total amounfAi8-messages in the same area was only 61
million and the modelled Cemissions was approximately 7% less, 15,000 kton.

Table 2: Predicted annual emissions, distanceslteay payloads and the numbers of ships in thidyst
for 2015. The values have been separately preséontedl ships, for IMO registered ships, the shimest
have been identified using their MMSI values, amdships that have not been identified.

NOx SO PM;.: CcO CO, Travel Payload Ships
[10°kg] [10°kg] [10°kg] [10°kg] [10°kg] [10°km]  [10° km*ton]
All ships 20,880 9,690 1,490 1,350 831,300 5,050 105,490 376,219
IMO-registered 19,200 9,180 1,390 1,220 756,000 3,630 101,860 65,804
Identified, non-IMO | 1,560 487 88 115 69,000 1,240 3,630 234,438
Not identified 124 24 6 13 6,800 180 - 75,977

The number of non-IMO registered vessels, approtaima811,000, is substantial. Especially for
the non-IMO registered vessels the technical dssaralation methods presented in this paper
have been in a key role and in 234,438 cases tmnital data assimilation method provided a
concrete result; in such cases the basic physroglepties of the ships were identified and the
missing technical details were then provided byM&Y-data assimilation method. Respectively,
there were approximately 76,000 vessels, for withehtechnical data assimilation methods did
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not yield enough information for vessel characedian. For such vessels, the ships were
assumed to be generic small boats with a grossagenmof 300 t (Johansson et al., 2013).
However, only 3.5 % of all travel kilometres weravielled by these unknown vessels. As the
total distance travelled by such crafts is reldgivamall, the resulting uncertainty caused to the
global emission budget is also fairly small.

The use of the route generation algorithm was édhiior approximately 9% of the total
travel distances and the generated routes werdyctamcentrated on the Middle East and Asia.
In a separate model run, disabling the use ofdb&ergeneration algorithm (Appendix B) in these
two regions, the modelled shipping emissions fratjyeoccurred over the land areas in the
Middle East, China, Malaysia and Vietnam. Withdw tise of route generation the land-crossing
route segments were often not modelled at all stheedistance, duration and vessel speed
information were at odds with each other. In suabes the filtering algorithms (Johansson et al.
2013) prevented the modelling of these infeasibléa segments.

The CQ emissions from global shipping were classifiedoading to the flag state, which
was determined based on the Marine InformationtBigVID; the first three numbers of the
MMSI code). The four largest fleets (Panama, Chindberia and Marshall Islands) were
responsible for almost a half (48.4%) of the t@&h emissions in 2015 (832 million tons). The
fleets from fifth to eighth (Singapore, the Unité&¢lingdom, Malta and Bahamas) were
responsible for 20 % of the emissions. However Jdhgest four fleets carried 57 % of the global
seaborne cargo; this value is larger than theiresponding share of the global €€@missions
from shipping.

3.3 Geographical distribution of the global emissins from shipping

The geographical distributions of the annual emissiof PMs and SQ in 2015 have been
presented in Figs. 3 — 4. The names of the se®,aasareferred to in this article, have been
presented in Supplements B. The modelling has deee for latitudes from 80° S to 80° N;
shipping in the remaining Antarctic and Arctic regs is negligible.

Broadly speaking, the highest emissions of both P&hd SQ per unit area occur in the
Eastern and Southern China Seas, in the sea aréas south-eastern and southern Asia, in the
Red Sea, in the Mediterranean, in North Atlantiarntee European coast, in the Gulf of Mexico
and the Caribbean Sea, and along the western aolstth America.
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Figure 3: Geographical distribution of the modelletal PM, s emissions from shipping in 2015. -
Background satellite imagery provided by NASA Edbtservatory. The legend refers to the emission
divided by the area of each numerical grid celluits of kg krf).
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Figure 4: Geographical distribution of modellecat&Q, emissions from shipping in 2015.

An additional detailed geographical analysis shdia the highest emission densities in a
decreasing order, as measured within a circle dfilbnetres, occur in Singapore, Hong Kong,
Antwerp, Shanghai, Los Angeles and Rotterdam. I ¢ieographical distribution of SO
emissions from shipping (Fig. 4), the effects ad BECA regions are visible along the coastlines
of northern America, in the Gulf of Mexico, in therth Sea and in the Baltic Sea.

3.4 The shipping emissions for the sea regions atite size categories of ships
The emissions of three main pollutants from gladi@pping have been presented separately for
the main sea regions in Fig. 5. Additionally, th©,Nemission density in these regions was

chosen and has been presented in the figure. Beéseied geographic areas have been described
in greater detail in Supplements B.
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Regarding the overall total emissions of the sg#ns, the highest emissions occurred in
the North Atlantic, North Pacific, South China Sdadian Ocean and South Atlantic.
Geographically, the largest oceans are the Southifi®aNorth Atlantic and Indian Ocean.
Considering the emission densities of these semnggthe Singapore Strait by far has the
highest emission density for all modelled pollusarilso the Malacca Strait, the Eastern China
Sea and the Yellow sea have high emission densitigs for other pollutant types than NOhe
ECAs are clearly visible as they have low,SMd PM s emissions with respect to the relative
NOyx emissions. Based on the emission totals of theeptestudy, the global average of marine
fuel sulphur content of IMO registered traffic was9% (by mass) in 2015, but there are
significant regional differences caused by varisulphur regulations.
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Figure 5: Relative share of the emissions of N&D, and PM s from the total global shipping emissions
(bar graph). The emission density for Nédnissions are presented with a black line usilogyarithmic
scale.

The numbers of ships, their cargo transport wouk their emissions have been presented in Fig.
6, separately for the size classes of ships. Rtamte, there were 4,508 ships globally that had a
gross tonnage (GT) larger than 80,000 tons; thistiinites 6.8 % of all IMO-registered vessels.
Despite the low amount of ships, however, theirtgbuation to the global shipping emissions for
the four considered pollutants ranged from 28 t&@3 hese large vessels also carried 43.7 % of
all transported marine cargo.

The lowest size category (below 4,000 tons) costélB8.5% of all ships. However,
despite the large numbers of the smallest vesgestwo categories of smallest ships (below
10,000 tons) are responsible for the smallest sharthe emissions of PM and SQ. The minor
contribution of emissions originating from the shasi vessel size category can be explained by
the combination of low average travel amounts (k@®@er ship on average) and low-powered
engines on board, which in turn operate on heaelsfless often than the vessels in other size
categories.

12
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445  emissions for four pollutants in 2015, classifiedeérms of the size categories of ships (meas\geniass
446 tonnage, GT).

447 3.5 Emissions for various ship types

448

449 The responsibilities of various ship categoriestfor global CQ emissions in 2015 have been
450 presented in Fig. 7. The most significant contiidmg were from container ships, cargo carriers
451 and tankers; their combined @@missions were 82.6 % of the total emissions @iglbbal fleet.
452 Regarding the other pollutants considered in thislys the relative global share of these major
453  ship categories is larger than 80 %. The above ioread three ship types contribute 84, 88 and
454 87 % of the global N@ SQ, and PM 5 emissions, respectively.

455 Military ships that send AlS-messages have bednded in the modelling and they are a
456 part of the “Miscellaneous” vessel category. Howgwaly some auxiliary naval vessels (cargo
457  ships, tankers etc.) carry AIS and use it; unfaataly, the activities of destroyers, frigates and
458 other battle ships which may have unit emissiongsktp those of container vessels (Corbett and
459 Koehler, 2003) cannot be accurately described usiBgdata.

460

461

462
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Figure 7: Shares of global G@missions for various ship categories in 2015.ideltarriers include the

RoRo vessels. The category called miscellaneolisdes tugs, dredgers, barges, search and reseue, ic

breakers, law enforcement and some military ves€elgyo ships include bulk carries and generalacarg
vessels.

The spatial distribution of the G@missions has been separately presented in Fagsfo8 six
vessel categories. There are substantial diffeseebetween these distributions, in terms of the
ship type. In particular, the spatial distributidios the cargo transport (Figs. 8a-b) are clearly
different from those of passenger traffic (Fig. §ayrtly also 8c). The RoPax traffic consists
mainly of fairly short routes in the vicinity of astlines. The disaggregation of emissions to
vessel type specific contributions facilitates et work with sophisticated scenarios as future
fleet growth -rates are not the same for all syges.

There is no intensive tanker traffic from the PamsGulf to USA, which can be partly
caused by the increased domestic oil productiothéenUSA (US EIA, 2017; (Hoffmann et al.,
2015)). Regarding the cruiser traffic, Hawaii andhili are significant hubs of traffic in the
Pacific; other hotspots are Miami, Cancun, Seyelseland Mauritius. As expected, the
geographical distribution of fishing boats is matspersed than those for the other ship
categories. The amount of fishing traffic may beenestimated, as part of the fishing boats may
not use the AIS equipment.

On average, shipping can produce low specific aomssper cargo ton kilometre. The
computed average of specific g@missions was 7.6 grams per ton (of cargo) kmafoships,
but there is a wide variety between different kinfiships. According to this study, in terms of
cargo transport work, bulk cargo carriers and ailkers had the smallest specific emissions of
4.7 and 6.1 grams per ton km. Containerships etnfité and RoRo/RoPax ships 150.7 grams
per ton km. However, the specific emission valugr ¢pn of cargo) for RoRo/RoPax ships is not
directly comparable, as this category includes shighich carry both passengers and cargo. In
the above mentioned specific emission calculatbohy the mass of cargo was considered instead
of the combined mass of cargo and passengergsgtids to result in an overestimation in specific
emissions for passenger vessels. In summary, thexevide variation of the specific emissions
for the different types of ships; some ship types/rhave specific emissions that are similar to
those of passenger cars (EEA, 2017). The speciiissons can also vary significantly for the
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range of ships within any specific ship categompehding, e.g., on the design speeds and the
age of the vessels.
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Figure 8a-f: Global distribution of the G@missions for selected ship types and unidentifessels in
2015. a) Container ships, b) tankers, c) RoPaxsshipPassenger cruisers, e) fishing vessels and f)
unidentified vessels.

4. Conclusions

We have presented a comprehensive global shippimgsen inventory for 2015. The emissions
were evaluated using the STEAM3 model, with inpatadfrom the Automatic ldentification
System and the vessel specification database. Trissien model was improved in several
respects in this study. Previously, there have e@nmajor obstacles in assessing accurately
global shipping emissions. The first one is that tbquired technical specifications of ships are
incomplete or missing in some cases. We have therefeveloped a method for the collection
and processing of the technical ship data, usimng assimilation techniques. We included in this
modelling approximately 300,000 vessels with uniqeehnical characteristics, given by the
technical data assimilation methods. After using tftrocedure, only 3.5% of the total travel
kilometres were estimated to be travelled by vesseth unknown characteristics. We have
therefore managed to evaluate the emissions oflM@nh+egistered marine traffic substantially
more accurately, compared with previous correspanutivestigations.

It has also been challenging to evaluate accurglelyal shipping emissions, as the AlS-
data can be notably heterogeneous, and it is trerefifficult to realistically determine the
shipping activities. We have developed a model dpaties shipping route generation algorithms
that automatically refines the ships’ travel routdsenever the spatial and temporal gap between
two consecutive AlS-messages is so large thatggest a need for a more detailed approach.
During the target year 2015 the route generatiatufe was found to be especially beneficial in
the regions of Middle East and Asia. As we methalticevaluate the shipping activities between
the AlS-messages, the heterogeneity and relialafithe AlS-data (e.g., duplicate messages and
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erroneous information) will not significantly affethe outcome of the modelling results. The
inclusion of the route generation algorithm aldows$ the use of additional ship activity datasets,
such as the information on arrival and departunesi to harbours. This can improve the coverage
of the shipping activity datasets in open-sea mgian which the AIS coverage may be
incomplete.

The number of AIS messages used in this study wpsoaimately eight billion (7.8 x
10%), which was significantly larger than, e.g., tleresponding value used for the results in the
3 IMO GHG. The number of satellite AIS transceiverrbit around the Earth has increased
during the last few years, and this trend is exgobdb continue in the future. This trend is
fortunate since there are no restrictions for tize sf the activity dataset in STEAMS3. Better
availability of the AIS data has provided, and wvpitbvide, better possibilities for more accurate
predictions of the shipping emissions. Having larg®ount of AIS data is especially beneficial
for the modelling of coastal regions with signifitamount of short-sea shipping, in which case
the route regeneration algorithm is unable to rective missing route information in most cases.

The predictions of the STEAM3 model have previousten extensively evaluated against
experimental measurements (e.g., Jalkanen et@9;2Jalkanen et al. 2012; Johansson et al.,
2013; Berg et al., 2012; Beecken et al., 2014}his study we did not conduct an evaluation of
the numerical results against experimental dat@hSn evaluation on a global scale would
require the use of a dispersion model in combinatith the emission model, and an analysis of
the relevant satellite and ground-based data. Hewethe computed global results were
compared with (i) those in the third Greenhouse Gasdy of the International Maritime
Organisation, and (ii) those reported by the Irdéomal Energy Agency. However, it was not
possible to inter-compare the results quantitagivat both the IMO and the IEA studies have
evaluated their results only for earlier years, 21212 and 2011, respectively. However, allowing
for the moderately increasing trends of the glabatine traffic in the early 2010’s, the results of
this study for the fuel consumptions can be comsilléo be qualitatively in agreement with the
results presented in both of the above mentionadie. The inclusion of environmental factors
that can increase the fuel consumption of shipsh &1 the waves, wind, ice coverage and sea
currents, would bring the bottom-up fuel consumptestimates produced with the model even
closer to the top-down fuel statistics.

We conclude that it is possible to analyse théalshipping activities using the AIS signals
of individual ships, combined with modelling, totaim results that are in agreement with the
reported top-down fuel statistics. It is expecthdttthe IMO Data Collection System and EU
Monitoring, Reporting and Verification systems (ER0Q15) will in the future provide a good
benchmark for fuel consumption modelling of thebglbfleet in the future. Both of these systems
make fuel consumption reporting mandatory on sévell

The global geographical distribution was presefdedhe annual emissions of BMand
SQ in 2015. The highest emissions per unit area oedun the following sea regions: Eastern
and Southern China Seas, in the sea areas in title-sastern and southern Asia, in the Red Sea,
in the Mediterranean, in North Atlantic near therdpean coast, in the Gulf of Mexico and the
Caribbean Sea, and along the western coast of Marthrica. We also considered emission
hotspots, by evaluating the highest emission dessitithin limited areas. We defined those as
areas within a circle of 10 kilometres, and fouhd highest emissions to occur, in a decreasing
order, in Singapore, Hong Kong, Antwerp, Shanghas, Angeles and Rotterdam.

The use of the STEAM3 model makes it possible talyme the emission results in a
detailed and versatile manner. In this study, weehanalysed the global emissions of various
pollutants in terms of the sizes of ships, the Btajes and the ship categories. The global spatial
distributions of emissions are substantially defarfor the various ship types. For instance, the
spatial distributions for the cargo transport deady different from those of passenger traffic.
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The results of this study can be used in air guatibdelling on scales from local to
global. One possible application could be an evalnaof the health effects caused by global
shipping emissions to the atmosphere. The STEAM8ahoan also be used to provide more
detailed emission data from shipping, for instarfoe,a selected set of harbours or some other
limited area, using a selected temporal and spatsblution. Annual updates to global ship
emission inventories can also be provided withrtioglel, if an access to the global AIS datasets
will be available. The presented global emissioveiriory, in combination with the STEAM3
model or some other modelling system, could infthere also be used to assess the impacts of
various emission scenarios. Such scenario simagtan be performed with the model since the
effective regulations, physical properties of shapsl even the travelling speed of ships can be
made variable.

5. Appendices
Appendix A: Technical data assimilation

The performance of the technical data-assimilatn@thod presented in the paper was evaluated.
For randomly selected database entries the assonilaethod was used to estimate main engine
power, auxiliary engine power, gross tonnage (GIJ the main engine stroke type using the
MSV search method described in Section 2.1. Thienatés were then compared against the
actual values listed in the database entries anthéselected vessel properties the Root Mean
Squared Error (RMSE) were calculated. Over 3,00tabdese entries was included; perfect
matches were not allowed to occur in the evaluafian, the data for assimilation always
originated from a different database entry. Sinpaly, the Most Similar Ship was not allowed to
be the evaluated ship itself).

For the assignment of the weighting faatoin Eq. 1 the evaluation process was repeated
with variable values for the factar. The lowest RMSE value for the main engine esesat
(which is the most crucial technical piece of imhation for the modelling) was achieved by
assigning the value of 0.35 for the factorimportantly, by setting the facter equal to zero
significantly increased the achieved RMSE whicladieindicates that a two-dimensional search
criterion is better than a simpler one-dimensideadth criterion.
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Figure Ala-d: Selected evaluation results for gahnical data-assimilation method used in the STBAM
model.

Figure Al describes the results for the evaluasimidly. The assimilated gross tonnage and main
engine power are in good agreement; the assimigdiary engine has the highest variability
with respect to actual database values and thelaton coefficient Ris 0.8. The stroke type for
the main engine was correctly assimilated in 89%hefevaluation cases.

The main argument for the use of the technical-dasamilation method is that using
vessel type averages for missing technical pie€@sfarmation can be detrimental for shipping
emissions modelling. Average values for missingadaty easily lead to unrealistic description
in hydrodynamic performance prediction, fuel conption and emissions. In the evaluation we
calculated RMSE values when vessel type -basecdgesmwere used instead. We generated the
vessel type averages based on our full vessel asgald\ccording to our results by using vessel
type averages the RMSE for gross tonnage assignimespproximately 6 times the RMSE
achieved with the data-assimilation method. Resgeyt the RMSE for main engine power is
approximately 4 times larger and the RMSE for aamgine power is 80% larger.

As described above the technical data-assimilatiethod relies on the design speed of
the vessel for which the method is being used (ribé&emethod can still be used when the scaling
factor a is set to 0). However, the design speed is noaywavailable and for ships without
IMO-number the design speed is in fact almost advaissing. In such cases the design speed is
estimated based on AlS-data. The instantaneousl spadiges given by the AlS-data are sorted in
order of magnitude. Based statistical regressiomther estimate the design speed of the vessel to
equal the 98 percentile value of the ordered speed data migitifdy a factor of 1.05. The main
reason for using the percentiles in the evaluattothat the simple maximum value for the
instantaneous speed correlates with the desigrd spegeificantly worse (Figure A2), because of
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Appendix B: Shortest path route generation algoritim

If two consecutive AIS position reports indicatsignificant geographical difference and a land
mass in between the two known points exists, adigkalgorithm is used to determine the
shortest path network (Cherkassky et al, 1996) éetviwo arbitrary marine locations. The basis
for the algorithm is the network of nodes and dheg facilitates the use of shortest path network
algorithm.

The network of nodes are constructed based otirexiglobal STEAM3 model run using
the gridded fuel consumption data (7km grid cetbotation near the equator) for IMO-registered
vessels. The resulting visual representation ofleéconsumption was converted into a Google
Earth layer. For each major shipping route visiWiéhin the layer several hundred lines were
drawn in the locations of the visible shipping esitThe numerical values of the line coordinates
were then stored and saved in a kmz-file.

The route generation module has a conversion wdth transforms the collection of
Google Earth lines into an inter-connected netwofknodes and arcs, which the network
algorithm operates on. Basically, all coordinatenfsin each line are converted into nodes and
consecutive nodes are connected with two paraltsl with opposite directions. In cases where
two or more lines cross, the conversion tool plamesadditional node at the intersection and
connects the intersecting lines with additionakarc

Label setting methods for solving the shortest patproblem
For the shortest path generation a ‘label settieghod’ is used, first published by Dijkstra in
1959. The algorithm iterates as follows:

Step O - initiation: Each noder; is associated with a labe], which in this particular
case can be directly associated as the minimureltdistance to the nodg. Initially all
labels are set to infinity and updates as the dlguaris being iterated.

A candidate lis¥V of nodes to be evaluated in the following itenasiags formed. The start
noden, (which is the closest node from the ship’s inipakition) is added to the
candidate list and the label of the node is sét to

Step 1 — candidate selectionfhe nodd with the lowest label is removed from the
candidate list.

Step 2 — label setting and new candidates identiition: For each ar¢i, j) associated
with the removed candidate nodef d; > d; + a;;, we sed; = d; + a;; and nodg is
added td/ if it does not already belong ¥t The nodé is also listed as the
“predecessor” node for the nofle

Step 3 - termination: If the candidate lis¥ is empty or the removed candidate node
the node closest to the ship’s end destinationalipa@ithm terminates. Otherwise, steps
1-3 are repeated.

Eventually the algorithm terminates and then tlgpieace of nodes leading from the start node to
the end node (i.e., the short path) can be extitdnteollowing the list of the predecessor nodes.
The physical travel distance between the startesmadpoints is also available, and is given by the
end-node’s label value. The sequence of traveltpanthen converted into proxy AlS-messages
for the model. The traveling speed for the gendradeite can be adjusted to reflect the distance
and temporal separation in case the average sgh@ddn the start- and end-point activity data is
assessed to be infeasible (this can happen edfpe i$hip is initially berthing). Afterwards the
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cruising speed correction, proper timestamps aseciésted with each generated travel point. In
case the travel distance and travel time is claarpossible for the ship (e.g., the adjusted travel
speed significantly exceeds the design speed ol then generated route is discarded and
not modelled.

Algorithm performance

In general, a shortest path algorithm is computally heavy operation. The computational task
for solving the shortest path problem increase®eaptially when the number of nodes and arcs
are increased. As a solution, all the shortest patkes (approx. 12 million unique routes) has
been computed before-hand and the stored shortdbt noutes can be accessed without
significant computational effort. This has beenelas follows:

* By ignoring the Step 3 end clause when the end mdemoved from the candidate list,
the algorithm finishes and has generated the sdtopath (the predecessor node
sequences) for each other node in the network.

» The algorithm is run once for each of the nodehm ietwork (approx. 5,000 times). All
the resulting predecessor lists are stored to @asyss look-up tables.

* During model run, for any location the nearest nidsearched and the pre-calculated
predecessor lists are used to assess the shod#sttg any other location without
significant computational effort.

5 <) : —S— = ’ 2 . —_
Figure Bla-b: Modelled annual total shipping enaissi(CQ) out the route generation
algorithm. Left in (a), the modelled emissionspessented in the paper, are indicatively illusutatea
selected area in Asia. Right in (b), the modelletissions are shown when the route generation sfgori
has been disabled in a separate model run.

The importance of the route generation algorithmglobal shipping emission assessment is
highlighted in Figure B1. A separate model run vpasformed without the route generation
algorithm and the resulting geographical distribatiof modelled emissions were compared
against the gridded emissions presented in therpdpe differences were clearly visible

especially in Asia. Without the route generatiogoaithm, significant portion of the shipping

activities and thereby emissions would incorreottgur inland.
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Resear ch highlights

* A model (STEAM3) for the assessment of global shipping emissions is presented.

* The modelling is based on ship activities given by AIS, for more than 300,000
ships.

* A route generation algorithm is used to handle large gaps in the AlS-data.

* Data-assimilation is used to assign physically realistic properties for each ship.

* Results for global shipping emissions have been analyzed and presented for
2015.



