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ABSTRACT

A method is presented for the evaluation of the exhaust emissions of marine traffic, based on
the messages provided by the Automatic Identification System (AIS), which enable the
positioning of ship emissions with a high spatial resolution (typically a few tens of metres).
The model also takes into account the detailed technical data of each individual vessel. The
previously developed model was applicable for evaluating the emissions of NOy, SOx and CO.
This paper addresses a substantial extension of the modelling system, to allow also for the
mass-based emissions of particulate matter (PM) and carbon monoxide (CO). The presented
Ship Traffic Emissions Assessment Model (STEAM2) allows for the influences of accurate
travel routes and ship speed, engine load, fuel sulphur content, multiengine setups, abatement
methods and waves. We address in particular the modeling of the influence on the emissions
of both engine load and the sulphur content of the fuel. The presented methodology can be
used to evaluate the total PM emissions, and those of organic carbon, elemental carbon, ash
and hydrated sulphate. We have evaluated the performance of the extended model against
available experimental data on engine power, fuel consumption and the composition-resolved
emissions of PM. We have also compared the annually averaged emission values with those of
the corresponding EMEP inventory, As example results, the geographical distributions of the
emissions of PM and CO are presented for the marine regions of the Baltic Sea surrounding
the Danish Straits.

1. Introduction

Emissions of PM from shipping have a significant impact on ambient air quality in densely
populated coastal areas and these may substantially contribute to detrimental impacts on
human health (Corbett et al., 2007). Stringent limits for the sulphur content of marine fuels
and NOx-emissions are expected to reduce the emissions from ships. The PM emissions are
simultaneously reduced, as a major part of PM emissions is in the form of sulphate. However,
sulphur content reductions will not eradicate PM emissions completely (Winnes and Fridell,
2010b; Fridell et al., 2008; Cooper, 2006; Cooper, 2003; Kasper et al., 2007; Buhaug et al,,
2009), even if the global fleet would switch to low sulphur fuel. The emissions of PM can also
be reduced by using after-treatment techniques, which will remove a significant part of the
PM emissions (Corbett et al., 2010; European Commission Directorate General Environment,
2005) Scrubbing systems from engine manufacturers have been commonly applied to diesel
power plants on land, but their commercial installations to ships have been scarce. This is
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expected to change, after the the implementation of the stringent sulphur limits included in
the revised Marpol Annex VI of the IMO (International Maritime Organization, 1998).

International ship emissions are not part of the routine reporting under the Convention on the
Long-Range Transport of Atmospheric Pollutants (CLRTAP). Top-down emission inventories
are generated based on the fuel sales or cargo statistics (e.g., Schrooten et al., 2009). New ship
emission inventories have recently been generated especially for arctic regions (Paxian et al,,
2010; Corbett et al., 2010). Various regional ship emission inventories have been introduced
(Matthias et al., 2010; De Meyer et al., 2008) and the previously significant uncertainties in the
estimated emissions of global ship traffic have been evaluated to have decreased during the
last half decade (Paxian et al., 2010; Lack et al., 2008).

Information is currently scarce especially regarding the geographical distribution and
chemical composition of PM emissions arising from ship traffic, and the chemical composition
details have not commonly been introduced to global inventories of ship emissions. Corbett et
al. (2010) subdivided PM from marine traffic into organic carbon and black carbon. They did
not allow for the dependency on engine load of the constituents of PM; instead, fixed,
predetermined loads were used for main and auxiliary engines. However, the emissions of
both the various chemical components of PM and CO are sensitive to engine load. The
classifications of PM components, and the detailed definitions of such classes also can vary,
depending on the measurement techniques used. For instance, the experimental methods
using absorptive techniques often provide black carbon (Eyring et al., 2010), but chemical
techniques report a division to elemental and organic carbon. Clearly, black carbon and
elemental carbon cannot be used as synonymous expressions, since there are components of
organic carbon, which also absorb light (e.g., Andreae and Gelencsér, 2006).

There are several situations, in which decreasing the speed of a vessel will result in
substantial changes of the engine loads and chemical composition of emissions; examples of
such conditions are port maneuvers, slow steaming and ships that are breaking ice cover
(Winnes and Fridell, 2010a). In such conditions, the assumptions of pre-determined engine
loads and static emission factors are not valid. Although port emissions have been determined
previously (Hulskotte and Denier van der Gon, 2010; Cooper, 2003), these have been
neglected in many studies, due to their complexity regarding engine operating modes and
different fuel types. Evaluation of shipping emissions in port areas is challenging, caused by
the dependency of emissions on engine load, the changes of fuel type and the differences of
operating profiles of ships at berth, during maneuvering and during normal cruising. In case
of slow steaming, the effects of running the engines of ships on abnormally low loads result in
increased emissions in most marine diesel engines. However, this is not necessarily the case
for multi-engine setups or combined diesel-electric installations, since unnecessary engines
can be switched off to conserve fuel and taken to operation whenever needed. The influences
of such more detailed features involving engine operation and engine load, including multi-
engine setups, are practically neglected in all previously available ship emissions inventories.
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The authors of this article have previously presented a method for the evaluation of the
exhaust emissions of marine traffic, based on the messages provided by the Automatic
Identification System (AIS), which enable the identification, and the determination of the
location and instantaneous speeds of the vessels (Jalkanen et al., 2009). The accuracy of the
AIS data for the positioning of ship emissions is limited only by the inaccuracies of the Global
Positioning System and the information on the exact location of AIS transponders onboard
ships (typically a few tens of metres). The use of AIS data substantially reduces the
uncertainties in analyzing the operational states of the ship engines. It also resolves the
uncertainties in evaluating the times of ships spent at sea and at berth, and eliminates the
need to computationally construct ship routes.

The previously developed model was applicable for evaluating the emissions of NOy, SOx and
CO2. The model was based on the relationship of the instantaneous speed to the design speed
and the use of the detailed technical information of the engines. The effect of waves was also
included in the model. However, the methodologies for evaluating the power and fuel
consumption were fairly simple, and these assumptions were observed to provide biased
estimates, especially for auxiliary engines.

Using the STEAMZ2 model, engine loads during voyages can be determined with reasonable
accuracy based on the ratio of ship speed and the calculated resistance that the ship is
required to overcome at a specified speed. This can be done even for ships with multi-engine
setups (these are known for each ship). To our understanding these features have not
currently been included in the existing global inventories of Corbett et al. (2010) and Paxian
et al. (2010). Both of the models used in computing the above-mentioned two inventories are
well suited for evaluating future scenarios. On the other hand, the AIS data offers highly
detailed information of the past and present state of maritime traffic.

The objectives of this article are (i) to present the principles and mathematical structure of
the extended ship emission model (STEAM2), (ii) to compare the predictions of the extended
model with those of the original model (STEAM), regarding the instantaneous power and fuel
consumption, using onboard engine measurements, (iii) to compare the annually averaged
emission values briefly with those of the corresponding EMEP inventory, (iv) to evaluate the
extended model against available experimental data, and (v) to illustrate the capabilities of
the model by presenting some selected numerical results.

2. The STEAM2 model

We have developed a more sophisticated scheme for the resistance evaluation and a load
balancing of the engines; these improvements were necessary especially for the accurate
modeling of PM and CO emissions. The STEAM2 model is also more versatile compared with
the original model in describing the effects of ship speed and movement, engine load and fuel
changes, abatement techniques, and operating profiles of vessels. The methods to model the
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effect of waves to ship emissions are identical to those in the earlier version of the model
(Jalkanen et al., 2009). Abatement techniques are also included in the STEAM2 model and
applied to the evaluation of the emissions of PM and CO whenever appropriate. However, the
number of vessels with abatement techniques installed is less than 1 % of all the vessels in the
ship properties database.

The information on each individual ship and the installed main and auxiliary engines were
obtained from IHS Fairplay (IHS Fairplay, 2010), but augmented with data from various other
sources (such as other classification societies and ship owners), whenever necessary. An
illustration of the main components of the STEAM2 model is presented in Figure 1. The main
input data sources are the internal ship database (compiled in this study) and the AIS-data.

The internal ship database of the STEAM2 model contains the technical details of ships used in
the evaluation of emissions. The database contains the information of more than 30 000 ships;
this is approximately a third of the global fleet. Most of the ships in the database are newer
ships that have been built within the last two decades; most of these ships are frequently
operating in the Baltic Sea.

The use of the AIS data facilitates an accurate mapping of the ship traffic, including the
detailed instantaneous location and speed of each vessel in the considered area. For example,
in 2007 there were 9497 vessels equipped with AIS signal transmitters in the Baltic Sea; more
than 210 million so-called position reports were received from these vessels. The automatic
position reports contain the detailed information on the identification, location, speed and
heading of each individual vessel. For each ship in a regular schedule, this results in tens of
thousands of position updates each month.

Based on the properties of the ships and its power requirements, the model can evaluate the
power consumption and load of the engine, and the fuel consumption of the ship. Based on
these values, the model is used to evaluate the emissions of NOy, SOy, CO, CO; and PM, as a
function of time and location. Geographical resolution of emission grids is limited by the
accuracy of the Global Positioning System (GPS), which is of the order of a few tens of meters.
The update frequency of AIS signals varies according to the data source; studies covering
limited sea areas, such as the Baltic Sea or the North Sea, have usually a downscaled update
frequency of from five to six minutes, whereas the best available update rate is once in every
two seconds. In the model, the ship positions are updated every second, as the model
interpolates the location information between two subsequent AIS position reports.

The main differences between the new model (STEAM2) and the previously developed one
(STEAM) include that the CO- and PM emissions are included in the new model. A revised
evaluation method is also used for analyzing the resistance of ships in water. The model also
includes an enhanced modeling of the power consumption of auxiliary engines, which depend
on ship type and its operation mode.

2.1 The evaluation of resistance and ship specifications
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A method presented by Hollenbach (1998) is used to calculate the resistance of ships due to
moving in water. The predictions of the Hollenbach method agree well with other
performance prediction methods, such as those of Holtrop-Mennen (Matulja and Dejhalla,
2007; Holtrop and Mennen, 1982; Holtrop and Mennen, 1978). The use of this method,
compared with the previous model, improves the predictions of resistance and engine power,
especially in cases, in which the hull dimensions and the engine data is available, but the
design speed of the vessel is unknown.

In the previous version of the STEAM model, the design speed was a critical parameter for the
model performance; if that value was not available, an average speed was used instead that
was specific for each ship type. The use of the Hollenbach method avoids such assumptions,
and therefore provides a more reliable basis for the resistance calculations. However, the
application of the method is in many cases limited by the availability of the hull and propeller
details.

The total resistance of a moving marine vessel (in kN) can be estimated with
Rrotai = Rp + Rp (1)

where Rr is the frictional resistance acting on the wet surface of the vessel and Rr is the
residual resistance, which can be loosely described as the resistance from forming waves and
turbulence. Contributions from moving in shallow water and from air resistance are neglected
because of their small contribution to overall result.

The frictional resistance (Rr) is described using the International Towing Tank Conference
procedure (ITTC, 1999)

Ry = Cp=v2S (2)

where the frictional resistance coefficient (C¢) is Cr=0.075/(log R,, — 2 )%, where R,, is the
Reynolds number, p is the seawater density (kg m™2), v is the speed of the vessel (in m s™1)
and S is the wet surface (in m?). The residual resistance is calculated as

- () ©
where B is vessel breadth (in meters) and T is draught (in meters). the The residual resistance
coefficient (Cr) and wet surface (S, in Eq. 2) are evaluated according to Schneekluth and
Bertram (1999) and Hollenbach (1998). This calculation is lengthy and depends on whether
the vessel has single or twin propellers and whether it has a bulbous bow or not. The details
of these calculations can be found in Schneekluth and Bertram (1998) and Hollenbach (1998).

The Hollenbach method is based on the resistance measurements of 433 tank tests. The
method requires some parameters, like the Block coefficient (C},) and propeller diameter (d)
to be known, which are not usually available from commercial ship technical databases. These
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coefficients were evaluated as suggested by Watson and Gilfillan (1976) and further described
by Watson (1998a). The Cj, is one of the coefficients describing the shape of the hull and it can
be written as

_ 1 23-100F, 4
C,,—0.7+Batar1(—4 ), (4)

where F, is Froude number, which is computed as vessel speed/(gravity constant * waterline
length). Neither waterline length nor the length over surface (used by the Hollenbach
method) was readily available for most of the vessels. In these cases we used instead an
average value of overall length in meters (LOA) and length between perpendiculars in meters
(LBP).

Propeller diameter is required in order to apply the Hollenbach method. In case the propeller
diameter d is unknown, it is estimated using the method described by Watson (1998b) using
the following estimate:

P 0.2 (5)

S

where P; is the service power of the main engine (80 % of the maximum continuous rating)
provided by IHS Fairplay (2010) in kilowatts and N is the propeller’s angular velocity
expressed in rpm (revolutions per minute). Propeller rpm is required to estimate the
propeller and transmission losses and the required main engine power. If the number of
propellers is unknown, then the ship is simply assumed to operate with a single propeller.
Both €, and d are required to evaluate the residual resistance coefficient of Eq 3, see
Schneekluth and Betram (1999) and Hollenbach (1999).

Eq 5 was applied for all single-propeller vessels, for which the propeller rpm was known. For
multi-propeller vessels, or if both the propeller rpm and diameter were unknown, an
estimated value was used based on the vessel draught. This approach does not consider
exceptional cases of surface piercing propellers. It is expected to lead to a reasonable estimate
of propeller diameter. In multi-propeller cases and also if propeller data is unavailable,
propeller size is estimated with a ship type specific fraction of draught, as draught is one of
the main limiting factors for propeller size. Fractions of draught values, which have been
estimated using the internal ship database, are listed in Appendix A.

From total resistance (in kN) the propelling power (Ppropel, in kW) is obtained by
PPropel = RrotarV (6)

where v is the instantaneous vessel speed (in m s'1). The main engine power, however, can
never be completely transformed to actual propelling power of the ship. The dimensionless
quasi propulsive constant 7,,. is used to describe the effectiveness of converting the main
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engine power to actual propelling power, taking propulsive losses arising from transmission,
hull, shaft and propeller itself into account. According to Watson (1998) it can be written as

NVIEP 7)

Nape = 0.84 — 10000 ’

where N is the rpm of the propeller and LBP is the length between perpendiculars (in m).
Propeller efficiency is commonly substantially less than unity; usually 60-80 % of the main
engine power is transmitted to the water by the propeller (Watson, 1998). If propeller rpm
cannot be determined from ship technical data and it cannot be estimated using Equation (5),
the power is predicted based on the previous version of the model (Jalkanen et al., 2009).

Finally, the total required engine power (Pr,:q), taking the efficiency of the power
transmission to the propeller into account, is described by

PPropel (8)

r]qu

Protar =

which yields the required engine power (in kW). The additional resistance because of waves
is calculated according to Townsin and Kwon (1983) and is identical to the previous version
of the STEAM (Jalkanen, 2009).

In the internal ship database sufficient propeller details exist for about 60 % of the cases,
which facilitate the evaluation of the quasi propulsive constant. In the remaining cases, the
previous method (Jalkanen et al., 2009) of engine power estimation for the main engines has
to be used, which requires that the design speed of the ship has to be known. In
approximately five percent of the ship database entries both the propeller rpm and vessel
design speed are missing. In such cases, the emission predictions are relatively less accurate,
as average values specific to this ship type have to be used as a substitute for the missing ship
data values. The values larger than the total installed engine power are not allowed for by the
model.

2.2 The operating characteristics of engines

In addition to the prediction of the instantaneous main engine power also auxiliary engine
power is needed to describe the total exhaust emissions. Furthermore, variable engine loads
will have a significant impact on fuel consumption and emissions of CO and PM. Each of these
features will be discussed in consecutive chapters, starting from load determination and its
impact on fuel consumption.

2.2.1 The load balancing for multi-engine installations
A load balancing scheme for multi-engine installations has also been implemented in the

STEAM2 model. Load balancing is a crucial issue for the proper functioning of multi-engine
installations. Engines that are not needed at a specific moment can be turned off, which saves
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fuel and ensures that the remaining engines are operated with an optimal engine load. To
simulate this operation of the engines, the STEAM2 model determines the minimum number
of engines, which need to be in operation to overcome the predicted resistance of the ship.

Clearly, the engine load, i.e., ratio of currently used power and installed power, affects fuel
consumption and the emissions of PM and CO. While it is straightforward to estimate an
engine load of a single engine ship, if required power is known, this estimation is more
challenging for multi-engine setups. The model estimates the engine power needed to achieve
the ship speed as reported in the AIS position reports, using a resistance calculation by the
Hollenbach method. Total instantaneous engine power is compared against the capabilities of
each engine.

The model assumes all main engines to be identical, a minimum number of engines are
assumed to be used, and the load values are assumed to be less or equal than 85 %. The latter
assumption is needed, as engine loads larger than 85% are commonly avoided. If this load
value would be exceeded, an additional engine is assumed to be taken online and the load is
balanced among the operational engines. For example, let us consider a ship with four
installed engines, each with a power of 6 MW, and an instantaneous power requirement of
11 MW. The minimum requirement to obtain 11 MW would require operation of two engines
at 91.7% load level, which is not feasible. The modeling assumption is therefore that three
engines would be used instead, each with a load of 61.1%.

For all multi-engine setups, all engines are assumed to be identical. Thus the number of
operational engines (nyg) can be calculated from

P
N = T;tal +1 (9)
E

where Pr,:q; is the total instantaneous power of the engines, determined from Eq (8) and Py is
the maximum continuous rating of a single installed engine. n, is rounded down to integer.
For all setups, the engine load (EL) is then determined from

EL = PTotal (10)
Pgng

where ng is the number of installed identical engines. A limitation of this approach is that the
model treats all main engines as equal and neglects engine setups, for which one engine in a
pair is larger than another. For instance, in case of four engines with two pairs of identical
engines, a so-called 2+2 setup, the accuracy of the predictions of fuel consumption and
emissions will deteriorate. Passenger classed vessels and ships with more than one propeller
are required to have at least two engines operational at all times due vessel safety rules. Load
balancing is applied to both main and auxiliary engines, but in case of diesel-electric engine
setups, all the power commonly required for ship systems and propulsion is taken from the
main engines. In such cases, the main engines are operated to generate electricity, and
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electrical motors are used as propulsion. Diesel engines do not run the ship directly in these
cases and no auxiliary engines are used.

2.2.2 The evaluation of auxiliary power

The previous model estimated auxiliary power using ship type classification and three
different operation modes for the ship. In STEAM2, auxiliary engine usage is evaluated as in
previous model, but with the following modifications: Passenger class vessels (cruise ships,
RoRo/passenger and yacht) use a base value of 750 kW of auxiliary engine power for all
operating modes, but an additional requirement of 3 kW is added for each cabin. This
emulates the additional need for electricity required by air conditioning, hot water and other
electrical installations inside the cabins. For reefers and containerships, similar assumptions
are applied. A base value of 750 kW is used while cruising, 1000 kW during hoteling and 1250
kW while maneuvering. In addition to these values, each refrigerated Twenty-foot Equivalent
Unit (TEU, standardized cargo container) consumes approximately 4 kW of electricity to
maintain the containers in a constant temperature. Clearly, the actual power requirement of
the container depends on the temperature difference between the environment and the
container (Wild, 2009).

All other vessel classes use 750, 1000 and 1250 kW for cruising, hoteling and maneuvering,
respectively. With these modifications, STEAM2 can distinguish between large and small
vessels of the same ship type. However, in all cases, the installed auxiliary engine power is
used as an upper limit for the predicted auxiliary engine power (in cases, for which the
computed auxiliary power would exceed the installed auxiliary power). Boiler energy usage is
included in the estimates of auxiliary engine power; these have not been modeled explicitly
due to the lack of data.

2.2.3 The impact of engine load on specific fuel oil consumption

Instantaneous total fuel consumption is influenced by many independent factors. Fuel
consumption of main engines used in propulsion is commonly estimated in available
literature as a product of the constant specific fuel oil consumption (SFOC) and instantaneous
engine power, which results in a linear relationship between fuel consumption and engine
power. Ideally, all power systems that require fuel to operate should be modeled separately,
such as the main engines for propulsion, the auxiliary engines for power generation and the
boilers for heat generation. However, in practice a separate modeling of all of these is
currently not feasible.

The relative SFOC curve provided by the engine manufacturer Wartsila for a medium sized
four-stroke engine is presented in Figure 2. Two other relative SFOC-curves by other
manufacturers are also presented; each of these corresponds to selected engine specifications
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(Caterpillar, 2010; Man B&W, 2010). The engines by MAN considered here are large two-
stroke models, whereas the Caterpillar engines are relatively small four-stroke models.

For all three curves presented, the SFOC is a non-linear function of engine load, and this
function has a minimum at a specific engine
load. According to the data of Caterpillar, MAN and Wartsild, the minimum of EL is located
approximately at the relative engine load of 70, 75 and 80%, respectively. Minimizing fuel oil
consumption therefore requires engine loads approximately from 70 to 80 %, which
represents the optimum regime in terms of both consumption and performance. There is an
approximately parabolic dependency between the SFOC and the engine load.

In the STEAM2 model, we have assumed a parabolic function for all engines. Using regression
analysis of the comprehensive SFOC-measurement data from Wartsild, we derived a second
degree polynomial equation for the relative SFOC:

SFOCreative = 0.455 EL> — 0.71EL + 1.28 (11)

where EL is the engine load ranging from 0 to 1. The absolute fuel consumption is estimated
from

SFOC = SFOCgeiative SFOCpgse (12)

where SFOC,,s. is the so-called base value for SFOC that is a constant for each engine.
According to second IMO greenhouse gas report (Buhaug et al., 2009), a lower consumption is
assigned for new engines, describing the technical development and better efficiency of
modern engines. The base value is also influenced by engine stroke type and power. We use
primarily engine-model specific base values of SFOC from the engine manufacturers. If such a
value is not available, the value is evaluated (taking the above mentioned factors into account)
according to the IMO GHG2 report (Buhaug et al., 2009).

For simplicity, it has been assumed that engine load and SFOC -dependence from Equations
11 and 12 applies to all engines. For turbine machinery, SFOC,,,. of 260 g/kWh is used.
Auxiliary engine SFOCy s, Was set to 220 g/kWh and the same load dependency was applied.
In case of diesel-electric engine setups, the power normally generated using auxiliary engines
was added to main engine power and engine loads were determined accordingly. However,
diesel engines with common rail fuel injection technology may show a different behavior
compared to the one described above. This should be taken into account in the future, as the
fraction of common rail diesel engines is expected to increase.
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2.3 The exhaust emissions

2.3.1 The emissions as a function of engine load

In STEAM2, PM is divided into Elementary Carbon (EC), Organic Carbon (OC), Ash, Sulphate
(SO4) and associated water (H20). The carbon monoxide (CO) emissions are also modelled.
Clearly, the main aim is that the model would provide accurate emission factors for the all
pollutants, including all the chemical components of PM, for all values of the fuel sulphur
content throughout whole operating load range. The evaluation of the influence of engine load
is needed especially for an accurate description of emissions of PM, CO and CO.. All emissions
have therefore been assumed to be dependent on engine load, except for those of NOy, which
are only slightly dependent.

Emissions of particulate matter and SOx depend on the fuel consumption of the ship, whereas
emissions of NOx mainly depend on the temperature and the duration of the combustion cycle.
Emissions of carbon monoxide depend not only on engine load and engine power, but also on
the gradient of engine power. Acceleration of ship results in incomplete combustion of fuel
and relatively higher emissions of CO. As discussed previously, fuel consumption is dependent
on engine load; the emissions of several pollutants have the same dependency. Several
authors have reported experimental results on the composition of particulate matter as a
function of engine load (Agrawal et al., 2008; Agrawal et al., 2010; Petzold et al.,, 2008;
Moldanova et al., 2009; Sarvi et al.,, 2008a) and sulphur content (Sarvi et al., 2008b; Buhaug et
al., 2009). These datasets represent cases where measurements over the whole load range
with several types of fuel with variable sulphur content were available.

Additionally, load balancing facilitates the estimation of effectiveness of slow steaming. In
these cases the ship decreases its speed to save fuel. However, if the engine is run outside its
normal operating load range, emissions and fuel consumption will increase, since the engines
are not commonly optimized to run on low loads for prolonged periods. This is correct for
single engine installations, but for multi-engine installations, unnecessary engines can be
turned off. This effect is taken into account by the model.

2.3.2 The emissions of PM in terms of fuel sulphur content and engine
load

The sulphur content of the fuel has a crucial influence on the PM emissions. The dependency
of PM emission factor on fuel sulphur content was modelled according to Buhaug et al. (2009),
as presented in Figure 3. The emission factors of the total PM, SO4 and associated H2O (i.e.,
H>0 attached to sulphate) are assumed to be linearly dependent on the fuel sulphur content,
whereas the emission factors of EC, OC and ash are independent of this factor in STEAM2. The
emissions of PM could therefore not be eradicated totally, even if sulphur would be

10
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completely eliminated from ship fuels (Winnes and Fridell, 2010b; Buhaug et al,, 2009). The
measured total mass of particulate matter as defined here includes also the associated H:0;
the amount of which may substantially vary according to the experimental set-up and
conditions during the exhaust measurements.

Applying linear regression analysis to the data presented in (based on data from Buhaug et al.
2009) yields the following emission factor dependencies:

EFgo, = 0312 (13a)
-~ EFy,0 = 0.244 S (13b)
3.333,EL < 0.15

0C, = ey b‘Z_CEL,EL > 0.15 (13¢)
EFge = 0.08 g/kWh, EF,e = 0.2 g/kWh, EF,g = 0.06 g/kWh
(13d)

where S is the fuel sulphur content in percentages and the emission coefficients for EC, OC
and ash have been assumed to be independent of the sulphur content, but for OC an additional
dependency on engine load is used. In Eq. (13c), the dimensionless constants are a = 1.024,
b = —47.660 and ¢ = 32.547, respectively. The EFoc emission as a function of engine load was
fitted to the results of Agrawal et al (2008, 2008b) and Petzold et al (2010). A cut-off value at
engine load of 15% was applied which constrains the OC emission factor to a constant value at
very low engine loads. The amount of ash may change between different fuel grades, but this
effect is neglected for now. The total PM emission factor (in g/kWh) is assumed to be the sum
of the above mentioned emission factors

EFpy = SFOCgeiative(EFsos + EFyp0 + EFocOCg, + EFgc + EFgep) (14)

In STEAM2, the PM emissions [g/kWh] are evaluated as the product of specific fuel-oil
consumption and emission factors, where the relative SFOC is computed using Eq. 11. The
variations of this emission factor have been graphically illustrated in Figure 4. According to
Lack et al. (2009) a clear correlation between fuel sulphur content and the emissions of
organic carbon exists. It is not clear whether this is because of the changes in the type and
consumption of lubricating oil, but this feature is not currently modeled by STEAM2, which
assumes that OC emissions are independent of fuel sulphur content.

The emissions of the chemical components of PM have been reported to change as a function
of engine load (Agrawal et al., 2008a,b; Agrawal et al., 2010); this has been taken into account
in the modeling of STEAM2. In STEAMZ2, the variation of the PM emission factor for different
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components has been modeled based on the variation of SFOC. An additional dependency for
OC is used as given in Eq (13c) for which results from Agrawal et al. (2008a,b;2010) and
Petzold et al. (2010) were used and fitted to a mathematical form (See Figure 5). The
emissions of all PM components are modeled based on the variations of SFOC and
instantaneous power, and in addition the emission factors of sulphate and associated water
are dependent on the fuel sulphur content.

2.3.3 The emissions of carbon monoxide

Assuming perfect combustion conditions, the amount of emitted CO2 can be estimated in a
straightforward manner from the amount of fuel burned. However, the CO emissions are
substantially dependent on engine load. The data based on three experimental studies and the
modeled dependency of the base emission factor of CO as a function of engine load has been
presented in Figure 6. The CO base emission factor as described by Sarvi (2008a) has been
adopted in STEAM2, as it is based on a systematic inclusion of a wide range of engine loads.

During normal engine operation, when engine load ranges from 75% to full load, the base
emission factor of CO is small according to Sarvi (2008a). However, using the engine at low
engine loads will significantly increase the CO emission factor.

A rapid change of engine load has been observed (Cooper, 2003; Cooper, 2001;) to result in
increased emissions of carbon monoxide. This is usually the case, when the ship is
accelerating or actively decelerating (braking). We have therefore modified the modeled
curve (as presented above) with an additional scaling term, that amplifies the CO emission
factor, if the ship is accelerating.

Using this scaling factor called Acceleration Based Component (ABC), the CO emissions takes
the following form:

EFCO - CobaseABC (15)

where
Av 16
ABC=max{a%,1} (16)

where Av is the rate of change of the ship’s speed (ms~1) during a time interval of At between
two consecutive position reports (in seconds) and « is a dimensionless empirical factor. For
simplicity @ has been assumed to be the same for all ships and has a value of 582, given by
regression analysis. The ABC factor is simply unity if there is no significant acceleration and
otherwise larger.
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Strictly speaking the ABC value is ship-dependent. The parameter a is certainly a function of
the total mass of the vessel and very likely also a function of hull shape, but the determination
of its exact form requires further study. More experimental data would be needed to model
these relationships in more detail. The modeling above cannot distinguish between natural
deceleration (engines stopped) and active braking (ship using its engines to decelerate). The
CO emissions might therefore be over-predicted in case of natural deceleration.

3. Model evaluation and example numerical results

In this chapter, we (i) compare the predictions of the STEAM2 model with those of the original
model, (ii) evaluate the extended model against available experimental data, and (iii) present
selected numerical results.

3.1 Evaluation and inter-comparison of the predictions of STEAM and
STEAM2 for engine power and fuel consumption

An example comparison between the predictions on main engine power of the two model
versions is presented in Figure 7. The engine power data has been collected in this study at
the engine room of a large RoPax (Roll On - Roll Off cargo/Passenger) vessel using its own
data logging systems. The presented voyage was done in an archipelago area near Stockholm,
Sweden, and in the vicinity of this archipelago, in April 2008. We have used this specific
dataset, as it was the only one available in the Baltic sea region. Measured power profiles,
such as the one presented in Figure 7, are difficult to obtain, as only a limited number of
vessels have internal equipment suitable to collect this data.

The basic statistical measures of this comparison are presented in Table 1. The predicted
main engine powers of both models are in a fairly good agreement with the measured values.
The predictions of the STEAM2 model are moderately better that those of STEAM in terms of
the mean absolute error, and vice versa in terms of the mean error. STEAM2 slightly under-
estimated the engine power. There are physical factors that have been neglected in both
models, such as the influences of the sea ice on the kinetic energy of the ship, the squat effect
and the sea currents. Both models would therefore be expected to under-predict the required
engine power in most cases, except in a case with calm sea with no ice and a strong sea
current coming from the stern.

Largest differences between the two model versions are found in the beginning and near the
end of the voyage; in the latter stage the original version of STEAM clearly over-predicts the
engine power. The Hollenbach method used in STEAM2 results in a steeper power curve
compared with the corresponding method in STEAM, i.e., a relatively lower resistance for low
ship speeds and a higher one for high speeds. The most substantial differences between the
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two models in case of the presented data are therefore expected for low ship speeds. The
reported and predicted fuel consumption of a RoPax ship in 2007 has been presented in
Figures 8a-b. The STEAM2 model predicts the total fuel consumption fairly accurately and
slightly over-predicts the fuel consumption of auxiliary engines and boilers. The older model
version substantially over-predicts the latter consumption. A similar comparison for five
RoPax-ships is presented in Figure 9. No substantial differences are found in the performance
of the two model versions.

3.2 Evaluation of the modelling of load balancing in STEAM2

The STEAM2 model determines the number of engines, which need to be operated to
overcome the predicted resistance of the ship, and the engine load of all running engines. We
have evaluated the performance of this sub-module, by using the data from the cruise
presented above (cf. Figure 7).

There were four identical main engines in the vessel considered. The observed and predicted
engine loads during the test cruise are presented in Figure 10a-d. The overall accuracy of
predicted engine loads is fairly good or good for most of the time in the cases presented.
However, there is some inaccuracy in the initial stages of the voyage, and for the fourth
predicted engine (i.e., the one used only for very limited time periods).

3.3 Evaluation of the PM emission factors

The emission factor predictions by STEAM2 are compared with measurements available from
literature in Figures 11a-d. The engine loads and fuel sulphur contents in these studies are as
follows: 85 % and 2.85 % (Agrawal et al,, 2008), 84 % and 1.90 % (Moldanova et al., 2009), 85
% and 2.21 % (Petzold et al., 2008), and 57 % and 3.01 % (Murphy et al., 2009). For
simplicity, these studies are in the following referred to as AGR, MOL, PET and MUR. The
engine load is within the commonly used operation range for the three first-mentioned
studies, but it was substantially lower in MUR. The sulphur content of fuels varies from 1.9 to
3.0 %.

For a substantial fraction of these predictions, STEAM2 is in agreement with the
measurements; the agreement is best in case of AGR. However, there are also significant
differences. The most significant differences are found in comparison with the data by MOL,
especially for OC and SOs. The predicted sulphate emission factor is approximately three
times larger than the measured value. According to MOL, the measured low sulphur
conversion to sulphate may be a result of the relatively smaller amounts of V and Ni in the
fuel, compared with, e.g.,, AGR. The catalytic properties of Ni and V enhance the sulphur
conversion to sulphate.
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According to Petzold et al. (2010), the conversion efficiency of fuel sulphur to particulate
sulphate is linearly increasing from 1 to 5 % with increasing engine load (such a dependency
is not included in STEAM2 yet). A detailed investigation of the complete data set of Petzold et
al. (2010) using STEAM2 reveals an increasing difference in S to particulate SO4 conversion
with decreasing engine loads. This could be one of the reasons for the deviations of
predictions and data in case of MUR, due to the low engine load. Furthermore, MUR reports
airborne measurements of an aged ship exhaust plume, whereas the measurements of MOL
were made for a diluted and cooled sample of fresh exhaust.

In case of MUR and AGR, the ash emission factor was computed from the ash content of the
fuel, whereas MOL and PET report directly measured values of ash. These ash emission
factors are therefore not directly comparable with each other, and the MUR and AGR ash
emission values are strictly speaking not comparable with the STEAM2 predictions. There
may be processes during fuel combustion, which lead to changes in the amount of emitted ash.
MOL reports the highest ash emissions, although the ash content of the fuel used by MOL is
the lowest. In comparison with PET, the STEAM2 ash emission factors are in a good
agreement. The ash emissions in principle depend on the ash content of the fuel, but this is not
taken into account in the model. However, one cannot conclude based on the above
comparison of predictions and data that this would be a significant impact. In regional scale
studies of ship emissions, fuel sulphur content of each vessel is not known and assumptions
have to be made. For studies in SOx Emission Control Areas maximum allowable sulphur
content is used, which in some cases can deviate significantly from reality. This is the case if a
vessel is voluntarily using fuel with very low sulphur content. However, the default sulphur
content used in STEAM2 and resulting SOx emissions seems to be in reasonable agreement
with experiments (Berg et al., 2011).

The water content of PM in these four datasets varies significantly. This can be due to
differences in the experimental setups, sampling conditions and reporting. Water and organic
compounds may condense on particulate surfaces after fuel combustion. Dilution and cooling
of the PM sample to a lower concentration and temperature have an effect on the amount of
condensed water and organic carbon components. The amount of water is commonly
calculated assuming a constant ratio of SO4 and water (Agrawal et al., 2010; Agrawal et al,,
2008; Petzold et al., 2008). To overcome these difficulties, a dry PM mass could be used
instead; however, this would require the inclusion of aerosol condensation processes. In
STEAM?2, the associated water is modelled separately (according to the IMO GHG2 study), and
the user has an option to exclude it.

The large variations in the experimentally determined emission factors of PM chemical
components are probably caused to a large extent by the fast aerosol processes, which occur
immediately, as the exhaust leaves the funnel. Significant changes in particle number
concentrations, mass and composition can occur, which should be included either in the
emission model or in the consecutive air quality modelling. The selection of either one of
these options depends at least on the spatial scale of the modelling. In local scale air quality
studies it may be more reasonable to apply the emissions as they are measured directly from
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the stack (or after the fastest aerosol processes have taken place). For regional scale studies,
the PM emissions after some specified initial dilution would probably be most suitable, due to
the relatively larger scale. Inclusion of the information on the undiluted exhaust emissions in
STEAM2 would necessitate chemical component resolving, near real time measurements of
PM, which are currently unavailable.

3.4 Predicted emissions of CO and PM in a selected marine area

The STEAM2 model can be used, e.g., for very detailed evaluations of the geographical and
temporal distribution of marine emissions. As an example application of the model, a
geographical distribution of CO and PM emissions from shipping has been presented in the
marine regions surrounding the Danish Straits in 2009. This region has been selected as an
example, as it is the most densely trafficked region in the Baltic Sea. Marine diesel engines
commonly do not emit major amounts of CO during normal operation conditions; however,
temporally variable engine loads can result in an incomplete combustion of fuel, and therefore
significantly increase the emissions. This influence of emissions in the vicinity of major
harbors is therefore clearly visible in Figure 12. The emissions of PM are focused in the
vicinity of the most congested ship routes in this region and in harbor areas of Gothenburg
(SWE), Copenhagen (DK), Kiel (GER), Liibeck (GER), Rostock (GER), Sassnitz (PL) and
Swinoujécie/Szczecin (PL). The images on top share the numerical scale and indicate
emissions of PM (in kg km-2) according to Centre on Emission Inventories and Projections
(EMEP, www.ceip.at, left) and STEAM2 (right). Emissions of CO (in kg km-2) are illustrated in
the two lower images. In addition to the obvious difference in resolution, the emissions of PM
and CO in STEAM2 are higher than in EMEP. Particularly, the emissions of PM and CO in the
@resund channel near Malmo/Copenhagen and also north of the island of Bornholm are
significantly higher according to STEAMZ2, compared with the corresponding values according
to EMEP.

The available ship emission inventories have used emission factors that are not dependent on
the changes of vessel speed and engine load. The detailed shipping inventories using the
presented modeling system have therefore resulted in a substantially different geographical
distribution of ship emissions, compared with the previous available ship emission
inventories. In most cases, it is not possible to compare the seasonal differences between ship
emission inventories, as the temporal variation of emissions has commonly been neglected in
previous studies.

A comparison of annually averaged ship emissions for the Baltic Sea by EMEP and computed
using the STEAM and STEAM2 models in 2006-2009 is presented in Table 2. The updated
STEAM?2 produces estimates for NOx emissions, which are 9.2%, 7.7% and 4.0% lower than
those computed using the previous model version in 2006-2009. In case of SOy the
corresponding differences are negative, -9.3%, -3.9% and -2.4%. These differences in case of
NOy predictions are caused mainly by the dissimilar methods used for resistance calculation,
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as well as the refinement of the methods for the power estimation of auxiliary engines. In case
of SOx predictions, the contribution of SFOC change is also significant. Factors that have
affected SOx, PM and CO2 emissions include both (i) the load dependency and (ii) the inclusion
of engine age, stroke type and power output on SFOC, in accordance with Buhaug et al. (2009).

Data from the EMEP can be compared with the predictions of the STEAM and STEAM?2
models. According to STEAM?2, the predicted levels of NOx were 8.6-17.4% higher than those
of EMEP in 2006-2009. For SOx emissions, the STEAM2 predictions were 24.2%, 21.3% and
8.9% lower than those by EMEP in 2006-2008, but 1.9% higher in 2009. The temporal trend
in the EMEP data for the SOx emissions from 2006 to 2007 exhibits a decrease that is steeper
compared with that predicted by STEAM2; both inventories include the effect of SECA rules
for the marine fuel sulphur content. For CO and PM, the STEAM2 predictions are higher than
those of EMEP; both the annually averaged emissions and their geographical distribution are
different. The inclusion of the load dependency of the emission factors (in STEAM2) results in
relatively higher emissions in congested marine areas, in contrast to using a fixed emission
factor that leads to linearly increasing emissions as a function of instantaneous engine power.

Uncertainties in the actual fuel sulphur content of each ship will affect the predicted SOx and
PM emissions. By default, in the Baltic Sea during 2006-2009, STEAM2 assumes a fuel sulphur
content of 1.5% and 0.5% for main and auxiliary engines, respectively. The fuel sulphur
content used in STEAM2 produces SOx emissions that are in reasonable agreement with the
experimental results of Berg et al (2011). The influence of a decrease of fuel sulphur content
to 1.0% and 0.1% was numerically tested in the Baltic Sea for a single year. This change
emulated the situation in 2010, when sulphur content in marine fuels was lowered to 1% and
vessels were required to use 0.1% sulphur fuel in harbor areas. It resulted in SOx and PM
levels, which are about 20% and 9% lower, respectively. We therefore conclude that the
uncertainties of the fuel sulphur content of ships are not probably large enough to explain all
the differences in the emissions of PM and SOx between the EMEP and STEAM2 inventories.
The effects of the differences in the underlying methodological assumptions are particularly
important in case of the PM and CO emissions; the differences between the STEAM2 and
EMEP emissions can vary between 35-70%, depending on the selected year.

The STEAM2 model has up to date been applied in the Baltic Sea , in the North Sea and the
English Channel. The access to the AIS data has been granted by the countries in these regions.
Such a data access can either be purchased from commercial providers or it can be requested
from government entities that maintain AIS networks. Both of these options have to be
considered, if one aims for a global AIS signal coverage. However, there are some limitations
on the use of these datasets: satellite reception of AIS signals can be masked by ground level
interference in some areas, and terrestrial AIS network does not cover large open sea regions.

4. Conclusions
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The use of the AIS data facilitates an accurate mapping of the ship traffic, including the
detailed instantaneous location and speed and of each vessel in the considered area. The
presented model allows for the influences of a comprehensive range of relevant factors,
including accurate travel routes and ship speed, engine load, fuel sulphur content, multiengine
setups, abatement methods and waves. The presented model is the only method in the
available literature that includes such a range of effects. The shipping routes and the temporal
changes of ship speed and engine operation are included based on directly measured (AIS)
values; the uncertainties associated with numerically evaluated ship routes are therefore
avoided.

The relatively largest uncertainties of the model predictions presented probably arise from
the use of various types of fuel (Hulskotte and Denier van der Gon, 2010); however, these
uncertainties are included in all ship emission inventories. However, the fuel sulphur defaults
in STEAM2 produce emissions that in agreement with experimental results of Berg et al
(2011). It is challenging to extract the detailed data regarding the fuel types used in ships in
various geographical areas. However, if the data will be available on the fuel type or the
sulphur content on ship level, these can readily be taken into account in the model. The model
presented in this paper also allows direct comparisons of modeled instantaneous exhaust
emissions with experimental stack measurements of individual ships on an unprecedentedly
fine temporal and spatial resolution. It is therefore possible to evaluate the performance of
the model in more detail using the data of such measurement campaigns in the future and
decrease the uncertainty of ship emission inventories.

Another challenge is the scarcity of detailed composition-resolved experimental data on PM
emissions. The emissions of the chemical components of PM should be analyzed at various
engine loads, and using various fuels, in order to be able to more comprehensively analyze
and evaluate the performance of the modeling approaches. Further research is also needed to
model various environmental effects, such as the influence of sea ice and marine currents; the
former has a significant impact especially in the arctic and sub-arctic regions.

In previous emission inventories of marine traffic, constant load points and fixed emission
factors have commonly been used and harbor emissions have been neglected. However, in
order to obtain more accurate predictions, at least the dependence of shipping emissions on
the location of the shipping routes, the actual speeds and engine loads have also to be taken
into account. Changes of emission factors are especially important in port areas, as the
European sulphur directive (EC/2005/33) states that the fuel used in EU harbor areas must
not contain more than 0.1 % sulphur since the beginning of 2010. This directive will have a
significant impact on the PM emissions from ships at berth, which should be taken into
account by any model used in local scale modeling of harbor regions. There is an urgent need
to reliably evaluate the effects of various policy options that focus on reducing the PM
emissions from ships. The health and climatic influences can be substantially different for the
various chemical constituents of PM; the modeling should therefore disaggregate the chemical
fractions of PM emissions from ships.
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The model presented can be extended for other marine regions besides the Baltic Sea, if the
model input data will be available, including especially the AIS data. However, the AIS data
cannot be received across extensive sea areas, unless a satellite-based AlIS reception is used. A
flexible international cooperation between maritime authorities would therefore be most
valuable to be able to construct more accurate emission inventories on a global scale.
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835  APPENDIX A. THE VALUES OF THE FRACTION OF DRAUGHT FOR VARIOUS SHIP TYPES
836

837  The values of the fraction of draught are required in propeller size estimation for multi-propeller
838 cases, and if propeller data is unavailable. The values, which are presented in table A.1, have been
839  estimated in this study based on the ship database, using regression analysis.

840

841 Table A.1: Fraction of draught values for different ship types to be used in estimation of
842 propeller diameter unless it is specifically known or can be estimated with methods
843  described in the text.

844
Ship Type Fraction of Draught Ship Type Fraction of draught
RoRo/Passenger 0.75 General Cargo 0.52
Cruise Ship 0.75 Icebreaker 0.5
RoRo Cargo 0.75 Other Ship 0.63
Bulk Cargo 0.46 Crude Oil Tanker 0.44
Container Cargo 0.62 LPG Tanker 0.53
Dredger 0.5 0il Product Tanker 0.48
Chemical Tanker 0.5 Car Carrier 0.65
Fishing vessel 0.66 Tug, default 0.5

845
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856
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APPENDIX B. EVALUATION OF THE RELATIVE SFOC VALUES AGAINST ENGINE LOAD

Relative SFOC curve used in the model is derived from the relative consumption values in
Table B.1 using regression analysis.

Table B.1: Measured specific fuel-oil consumption values as a function of engine load,
as reported in Wirtsila (2007) for four-stroke engines. This set of data includes the
measurements of “46” engine family, the reported power of which ranges from 5850
kW (engine code 6L46) to 18480 kW (16V46).

Load, % SFOC g/kWh, SFOC, g/kWh, Relative
base=170, Wartsila 46, consumption
STEAM2 1155
kW/cylinder
10 216 1.212
15 210 1.182
25 201 204 1.130
30 197 199 1.107
35 193 1.086
40 190 190 1.067
45 187 1.051
50 185 183 1.037
55 183 1.026
60 181 181 1.016
65 180 1.009
70 179 1.005
75 178 178 1.002
80 178 178 1.002
85 179 178 1.004
90 179 1.008
95 181 1.015
100 182 183 1.024
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The engines of two other prominent marine engine manufactures, Caterpillar and MAN, have
been studied in the same manner, although less thoroughly, using available information from
engine specifications. Relative SFOC data was not available, but using the lowest SFOC value

as the base value, the following data was acquired.

Table B.2: Specific fuel-oil consumption measurements as a function of engine load,
extracted from MAN product guide for two-stroke engines. Data for MAN 6S90ME-C7
engine (two-stroke with fixed pitch propeller and high efficiency turbocharger) were
extracted from available product specifications. Relative SFOC-values (increase of SFOC
in comparison to minimum value given in product specifications) have been computed

using the specified SFOC value for each engine.

MAN 6S80ME-C8.2 MAN 6S80MC-C8.2 MAN 6S9OME-C7
25.080kW 25080kW 29340KkW

Load, % Rel. SFOC Load, % Rel. SFOC Load, % Rel. SFOC
35 1.043 35 1.041 50 1.022
50 1.016 50 1.016 70 1
65 1 65 1.002 100 1.024
85 1.004 85 1 - -
100 1.023 100 1.016 - -

Table B.3: Specific fuel-oil consumption measurements as a function of engine load,
extracted from CAT engine documentations for four-stroke engines. Relative SFOC-

values have been computed using the specified SFOC value for each engine.

CAT 3516 CAT 3508-B CAT 3516-C
1350kW 1425kW 2240kW
Load, % Rel. SFOC Load, % Rel. SFOC Load, % Rel. SFOC

16.3 1.345 18.8 1.095 14.8 1.134
23.1 1.261 32.8 1.051 21.1 1.075
32.1 1.203 54.2 1.013 27.1 1.069
55.1 1.090 71.0 1.000 62.7 1.000
91.1 1.005 88.8 1.014 81.1 1.009
94.4 1.044 94.7 1.071 84.8 1.080
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888

889 Table 1: Statistical measures for the power predictions of STEAM and STEAM2. P is the
890 predicted power, Py, is the measured power and the number of observations n = 729.
891 Errors in percent in the table have been computed with respect to the mean values of
892 the measurements.

893
Formula STEAM2 STEAM Measured (M)
Mean value lz p 11190kW 12130kW 12338kW
n
Mean Error lz(P _p,) -1148kW -206 kW -
M
(-9.3%) (-1.7%)
Mean Absolute 1 z (1P = Py]) 1845 kW 2267kW -
M
Error (15%) (18.4%)
894
895
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896

897 Table 2. Emissions from ships in the Baltic Sea during 2006-2009 according to various studies. Data from EMEP was
898 extracted from (www.ceip.at).All values in the table are presented in units of Gg. The percentage differences of the
899 predictions of STEAM2 compared with those of EMEP are also presented. N/A = not available.

Area, pollutant (Data source) 2006 2007 2008 2009
Baltic, NOx (EMEP) 309.3 3153 3213 3273
Baltic, NOx (STEAM) 370.0 400.0 393.0 N/A
Baltic, NOx (STEAM2) 3359 369.1 377.2 359.7
(STEAM2-EMEP), % +8.6 +17.1 +174 +99
Baltic, SOx (EMEP) 190.1 167.4 144.7 1220
Baltic, SOx (STEAM) 159.0 137.0 135.0 N/A
Baltic, SOx (STEAM2) 144.2 1317 131.8 1243
(STEAM2-EMEP), % -242 -213 -89 +19
Baltic, CO (EMEP) 361 370 379 388
Baltic, CO (STEAM2) 51.6 581 645 643
(STEAM2-EMEP), % +42.9 +57.0 +70.2 +65.7
Baltic, PM2.5 (EMEP) 22.7 207 18.6 16.6
Baltic, PM (STEAM2) 305 296 300 283
(STEAM2-EMEP), % +34.4 +43.0 +61.3 +70.5

900
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Figure 1: A schematic diagram of the main components of the STEAM2 model and their
inter-relations. The model input data sources are presented on the uppermost row of
rectangles, and the model output data (i.e., emissions) are presented on the lowest row
of rectangles. The arrows describe either the flow of information in the model, or a
modelled dependency between various factors. The different colors denote the various
categories of factors included in the model; dotted and solid arrows are used only for
visual clarity.
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Figure 2: The relative specific fuel-oil consumption (SFOC) as a function of the relative
engine load, based on the data of three engine manufacturers: Wartsila, Caterpillar and
MAN. The data of Caterpillar is based on three different SFOC-curves of small four-
stroke engines (see Appendix B, Table 3), and the data of MAN is based on large two-
stroke engines (see Appendix B, Table 2). Wartsila data for “46” engine family was used
(see Appendix B, Table 1). A more detailed description of the data is presented in the

main text and in Appendix B.
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931 Figure 4: The predictions of the STEAM2 model for total PM emission factor [legend, in
932 units of g/kWh] as a function of engine load and fuel sulphur content.
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950 Figure 7: The predictions of the STEAM and STEAM2 models and the corresponding
951 measured engine power. The data has been measured for a 60 000 t RoPax vessel that
952  was sailing in the Baltic Sea within and near the archipelago surrounding the city of
953  Stockholm in April 2008.
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957 Figures 8a-b: The monthly average fuel consumption of a RoPax ship in 2007, as
958 reported by the ship owner, and predicted by the two model versions. The total fuel
959 consumption is presented in the upper panel, and the fuel consumption of auxiliary
960 engines and boilers in the lower panel.
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which has been presented in Figures 7a-b.
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Figure 10a-d: Predicted and observed engine loads of four identical main engines in a
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engine load predictions; for instance, in panel (b) the curves ME2 (estimate) and ME3
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974

975 Figures 11a-d: Comparison of the predicted and measured emission factors for the
976 chemical constituents of PM. The measured data has been extracted from Agrawal et al.
977 (2008), Moldanova et al. (2009), Petzold et al. (2008) and Murphy et al. (2009).
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Figure 12: A comparison of the emission inventories by EMEP (left-hand panels) and
STEAM?2 (right-hand panels) for the marine regions surrounding the Danish straits in 2009.
The upper and lower panels represent the predicted annual emissions for PM and CO,
respectively. For EMEP, the transparent blue color indicates emission estimates lower than
7.7kg/km? and 77 kg/km?, for PM and CO, respectively. Grid resolution: 50km x 50km for
EMEP and 1.9km x 3.4km for STEAM2.
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