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Executive summary
Several updates have been done on the ship emission model STEAM within the SCIPPER project. These
revisions include updating the emission factors according to the SCIPPER deliverable 4.1, implementing a new
comprehensive method for modelling the fuel consumption and emission of LNG engines, introducing a new
pollutant, methane, in the model and developing a more detailed approach for modelling emissions of auxiliary
engines and boilers. The new version also includes bug fixes and general improvements done e.g., concerning
the treatment of AIS data. The new approach to model auxiliary machinery allows a separate analysis of auxiliary
engines and boilers, which was not possible with the previous model version. In comparison to the original
approach, the new auxiliary engine and boiler model results in higher total fuel consumption for RoPax vessels,
vehicle carriers, passenger vessels and cruisers and decreases in the total fuel consumption of other vessel
types. The new emission factors have the highest impact on emissions of components of particulate matter.
The new LNG module identifies the type of the engine and predicts the fuel consumption and emissions
accordingly. This also enables modelling of methane emissions from shipping.

List of abbreviations
AIS – Automatic Identification System
EC – Elemental Carbon
ECA – Emission Control Area
HPDF – High-pressure injection dual-fuel
LBSI engine – Lean burn spark-ignited engine
LNG – Liquefied Natural Gas
LPDF engine – Low-pressure injection dual-fuel engine
OC – Organic Carbon
PNC – Particulate Number Concentration
SECA – Sulphur Emission Control Area
STEAM – Ship Traffic Emission Assessment Model
VOC – Volatile Organic Compound
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1 Introduction
The aim of this report is to describe the improvements done on the Ship Traffic Emission Assessment Model
(STEAM) (Jalkanen et al., 2012, 2009; Johansson et al., 2013, 2017) during the SCIPPER project and to evaluate
the impact of these modifications on the modelled ship emissions in Europe in the project baseline year 2015.
The STEAM model uses ship activity data from the Automatic Identification System (AIS), and technical
descriptions of individual ships in the global fleet obtained from the IHS Markit database, to model the
instantaneous power load, fuel consumption and emissions of each vessel. The concept of the STEAM model is
illustrated in Figure 1.

Figure 1 The working principle of the Ship Traffic Emission Assessment Model (STEAM) obtained from Johansson et
al. (2017)

While the power output of the ship’s main engine can be modelled by estimating the required propulsion power
based on the vessel speed and ambient conditions, there are no such indicators for the power usage of auxiliary
engines and boilers. Generally, auxiliary machinery power usage has been modelled by using constant engine
loads or power for different ship types and operational modes. The aim of this study was to gain a better
understanding of the different power levels on-board of the vessel and to take the first steps towards a more
detailed bottom-up model for auxiliary engines and boilers. This was done based on existing literature, ship
technical data, ship classification society design rules and marine engine product manuals.
As the global ship fleet renews, and more comprehensive data about emissions of different engine and fuel types
are published, the emission factors for creating ship emission inventories should also be updated. One goal of
the SCIPPER project was to develop a new set of emission factors for shipping. These improved emission factors
and the method for developing them are described in more detail in SCIPPER deliverable 4.1 and will not be
repeated here. These new emission factors were included in the STEAM model.
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One of the alternative marine fuels with increasing usage is Liquefied Natural Gas (LNG). LNG contains less
carbon per unit of energy than traditional marine fuels and therefore, less carbon dioxide (CO2) is released
during the combustion. Also, the sulphur content of LNG is low, and it is possible to comply with the NOx
emission limits by choosing a low-NOx dual fuel engine and optimizing the engine operation. These properties
make LNG an attractive option for ship operation in Emission Control Areas (ECAs). However, the main
chemical component of LNG, methane (CH4), has a higher global warming potential than CO2 and therefore,
emissions of unburned methane, also referred to as methane slip, might increase the climatic impact of the ship
(see e.g., Grönholm et al., 2021). To predict the methane emissions from shipping, a more comprehensive
method for modelling the fuel usage of LNG engines was developed and a new pollutant, methane, was
introduced to the model.
Chapter 2 of this document describes in more detail the improvements done to the STEAM model within the
SCIPPER project. Emission data sets from different model versions are compared and the results of the
comparison are shown in Chapter 3. Finally, the new shipping emission data set for Europe in 2015 generated
with the updated model version is presented in Chapter 4.
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2 Changes made to the ship emission model STEAM
2.1

Operational profiles of auxiliary engines and boilers

In the STEAM2.1 version, auxiliary engines and boilers were modelled together by using constant engine loads
that vary by vessel type and operational mode. For some ship types, such as cruise ships and container vessels,
different methods were applied to estimate the power need based on the number of cabins or number of
containers on the vessel, respectively. In this study, an attempt was made to develop a more detailed bottomup model by identifying the electricity and heat consumers on-board of different vessel types.
All vessels regardless of the type are assumed to consume some level of electricity and heat for basic hoteling
needs of the crew, lighting, automatization, and control computer systems. The electricity and heat needed for
these functions are assumed to depend only on the size of the vessel and have been estimated based on power
output of berthing bulk carriers reported by Starcrest (2005 – 2018) as these ships were not assumed to need
power for any other functions at port. In addition to these ‘basic needs’, different consumers of electricity and
heat have been identified based on specific needs of each vessel type, and the type of cargo the vessel is carrying.
Additional power users include ventilation, heating, engine and fuel auxiliaries, cargo pressure and temperature
control, manoeuvring thrusters and passenger needs. Some ship types also need additional power during cargo
operations at port, for example for cargo pumping, cranes or additional ventilation.
To estimate additional electricity and heat needed in port, the time needed for unloading and loading the ship
must also be estimated. This was done based on the ship type, the type of the cargo the ship carries and the
cargo capacity of the ship. The duration of cargo handling operation was estimated based on unloading and
loading rates reported by Iikkanen (2018) for different ship types in ports.
Total fuel consumption of different ship types in Europe in 2015 predicted, either calculated with the original
approach of using constant engine loads for auxiliary engines or with the new bottom-up approach, are shown
in Figure 2 and Figure 3. For all ship types, the fuel consumption decreases by an average of 12 % when the
prediction was done with STEAM3.5. Bottom-up model depends on identifying the systems on-board that
require electricity and heat. Therefore, it is possible that decrease in fuel consumption is due to unidentified
electricity and heat consumers. Additionally, air and sea temperatures have been assumed to be constant 15°C
degrees which might result in underestimation of the fuel consumption especially for ship types that carry
temperature-controlled cargo. Impact of the ambient temperature on ship’s power need could be further
studied by including air and sea water temperature data in the modelling.

Figure 2 Total fuel consumption in Europe in 2015 estimated with STEAM2.1 and STEAM3.5 versions
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Table 1 shows the fraction of the total fuel consumption consumed by auxiliary machinery according to the
STEAM2.1 and STEAM3.5 versions. For RoPax vessels, vehicle carriers, passenger vessels and cruisers the
contribution of the auxiliary engines and boilers to the total fuel consumption increases after the update and
for the rest of the ship types it decreases. It should be noted that ships equipped with shaft generators are
assumed to cover the auxiliar power of the ship with the main engines in cruising speed.
Table 1 Share of the fuel consumption accounting for auxiliary engines and boilers evaluated with STEAM2.1 and
STEAM3.5 versions

RoPax vessels
Vehicle carriers
Cargo ships
Container ships
Tankers
Passenger ships
Cruisers
Fishing vessels
Service ships
Average, all ship types
Standard deviation, all ship
types

STEAM2.1
0.14
0.18
0.23
0.33
0.29
0.11
0.11
0.42
0.48
0.28
0.35

STEAM3.5
0.15
0.20
0.20
0.17
0.20
0.16
0.12
0.40
0.44
0.22
0.35

Lack of data has been and remains to be the main source of uncertainty for modelling the auxiliary engine and
boiler engine loads and fuel consumption. Lack of data not only makes it difficult to develop a detailed model,
but also limits the possibilities to evaluate the performance of the model. Therefore, this development will
continue if more comprehensive data of ship’s auxiliary engine and boiler power is available in the future for
example, from cooperation with shipping operators.

2.2

Emission factors

Emission factors used in the STEAM2.1 version have been described by Jalkanen et al. (2012). New emission
factors and their development method have been presented in more detail in SCIPPER deliverable 4.1 and will
not be repeated here, but the main changes considering the emission factors in the STEAM model are shortly
discussed.
New emission factors have been implemented for nitrogen oxides (NOx), carbon monoxide (CO), carbon
dioxide (CO2), sulphur oxides (SOx) and particulate matter with diameter of 2.5 μm or less (PM2.5). Previously,
the NOx emission factor was only dependent on the engine RPM and the engine age, that determines the Tier
group of the engine. After the update, also the engine load is considered in addition to the RPM and NOx Tier
leading to slightly higher NOx emissions at low engine loads and slightly lower at high engine loads. Largest
changes consider emissions of particulate matter and its components ash, organic carbon (OC), element carbon
(EC) and SO4. STEAM2.1 version used a constant emission rate for particulate ash, but STEAM3.5 models ash
emissions as a function of the fuel sulphur content. Rate of sulphur converting to particulate SO4 was constant
in STEAM2.1 version but has now been updated to be a function of the engine load. This change will also impact
SOx emissions that depend on the sulphur content of the fuel and the fraction of the sulphur that converts to
particulate SO4. Only minor updates were done to emission factors for CO and CO2. No updates were done
on the emission factors of particulate number concentration (PNC) and volatile organic compounds (VOCs).
The SCIPPER Project - 814893
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2.3

LNG engines and methane slip

To estimate the contribution of vessels using LNG as a fuel to the air pollutant and greenhouse gas emissions
from shipping, the STEAM model was refined with a comprehensive method for modelling the fuel consumption
and emissions of different marine LNG engines. The model was extended to treat also methane, including the
methane slip in emissions. Marine engines that can use LNG as a fuel were divided into five categories:
1.
2.
3.
4.
5.

Lean burn spark-ignited (LBSI) engines (four-stroke, medium-high speed, low pressure, Otto)
Low-pressure injection dual-fuel (LPDF) engines (four-stroke, medium-speed, low-pressure, Otto)
Low-pressure injection dual-fuel (LPDF) engines (two-stroke, slow-speed, low-pressure, Otto)
High-pressure injection dual-fuel (HPDF) engines (two-stroke, slow-speed, diesel)
Steam and gas turbines

Emission factors of different engine types were defined based on a literature review (Nielsen & Stenersen, 2010;
Stenersen and Thonstad, 2017; Pavlenko et al., 2020). To identify the engine type and the specific energy
consumption, technical information was collected for 86 LNG fuelled marine engines, based on data from the
manufacturers. Methane slip emission factors for the five engine categories are given in Table 2. An emission
factor for older HPDF engines is missing because there are no reports of this engine type existing before the
year 2010.
Table 2 Methane emission factors (g-Ch4 / g-fuel) implemented in STEAM3.5

Engine type
LBSI
4-stroke LPDF
2-stroke LPDF
HPDF
Steam and gas turbines

2.4

Engines built after 2010
EF (g-CH4 / g-fuel)
23
37
16.5
1.2
0.2

Engines built before 2010
EF (g-CH4 / g-fuel)
15 / (engineLoad+0.1) + 25
40 / (engineLoad+0.1) + 25
40 / (engineLoad+0.1) + 25
N/A
0.2

Other refinements

In addition to the development work done in the SCIPPER project, also other revisions have been done to
improve the model performance. These improvements include bug fixing, changes in the algorithm that filters
unrealistic AIS messages from the data set, automatic routing of ships with large time differences between AIS
messages, and the treatment of emissions near the coastline as a higher resolution land mask is used in the
STEAM3.5 version regardless of the modelling resolution. These changes will increase the accuracy of the model
and the consistency of the results regardless of the chosen domain and spatial resolution. The change in the
number of AIS messages included in the modelling between the model versions is shown in Figure 4. Large
changes at the coastline are result of more refined land mask; some areas that were erroneously defined as
water in STEAM2.1 are identified as land in STEAM3.5 and vice versa.
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Figure 3 Change in the total number of AIS messages included in modelling of 2015 ship emissions between
STEAM2.1 and STEAM3.5 calculated as (STEAM3.5-STEAM2.1)/STEAM2.1
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3 Changes in the shipping emission data
A comparison between modelling results of STEAM2.1 and STEAM3.5 versions was done for the SCIPPER
baseline year 2015 in the European domain. Changes due to updated emission factors and the new LNG engine
model are given in Table 3. Also, other general refinements and bug fixes in the model affect these results.
Table 3 Changes in the total annual emissions in 2015 due to updates in emission factors and the modelling method
for LNG engines

Pollutant
PNC
NOx
SOx
PM2.5
CO
CO2
OC
EC
Ash
SO4
CH4
VOC

Change in total emissions (%)
+1.13
-13.59
-4.19
-37.15
-17.55
+2.69
-14.28
-80.40
-31.98
-41.14
+100.00
-1.88

The largest impact can be seen for particulate matter and its components. This is due to significant changes in
the emission factors. Updates decrease NOx emissions by 13.6% which is mainly a result of lower emission
factors, especially for higher engine loads. Some minor changes can be seen also for volatile organic compounds
(VOCs) and particulate number (PNC) although these emission factors were not modified. This is due to the
update of LNG engine modelling and other general updates in the model. Methane emissions have a change of
+100 % as this pollutant was not included in the version STEAM2.1. Changes due to modification in the
modelling of auxiliary machinery are given in Table 4. Other model updates are not affecting these results.
Table 4 Changes in the total annual emissions in 2015 due to updates in the power usage of auxiliary machinery

Pollutant
PNC
NOx
SOx
PM2.5
CO
CO2
OC
EC
Ash
SO4
CH4
VOC

Change in total emissions (%)
-8.51
-7.09
-5.18
-6.49
-7.87
-10.72
-7.52
-3.08
-5.21
-6.16
-2.29
-6.26

The decrease in all emissions is a result of lower fuel consumption of auxiliary machinery predicted by the
STEAM3.5 version. The largest change can be observed for CO2 emissions that depend directly on the ship’s
fuel consumption.
The SCIPPER Project - 814893
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Figures 5-8 show geographical changes in emissions of different pollutants after all the described updates have
been included in the model. Changes along the coastline are due to changes in port emission, but also due to
improvements in the resolution of the land mask that defines if an area is land or water. Largest changes along
main shipping laines are due to improvements in automatic routing and AIS filtering. Large changes in particulate
matter emissions for the SECA area can be observed. This is a direct result of ash and SO4 emissions being
now dependent of the fuel sulphur content that decreases radically when the ship is entering the SECA.

Figure 4 Difference in total CO2 emissions in 2015 between versions STEAM2.1 and STEAM3.5 calculated as
(STEAM3.5-STEAM2.1)/STEAM2.1 on a 10km resolution

Figure 5 Difference in total NOx emissions in 2015 between versions STEAM2.1 and STEAM3.5 calculated as
(STEAM3.5-STEAM2.1)/STEAM2.1 on a 10km resolution
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Figure 6 Difference in total PM2.5 emissions in 2015 between versions STEAM2.1 and STEAM3.5 calculated as
(STEAM3.5-STEAM2.1)/STEAM2.1 on a 10km resolution

Figure 7 Difference in total SOx emissions in 2015 between versions STEAM2.1 and STEAM3.5 calculated as
(STEAM3.5-STEAM2.1)/STEAM2.1 on a 10km resolution
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4 Improved ship emission data set
In this chapter, the shipping emission data set for the European domain (latitude: [23.0, 70.0], longitude: [-30.0,
38.0]) in 2015 modelled with the updated STEAM3.5 version are presented. Model runs were done using a
spatial resolution of 10 kilometres. Annual total emissions are given in Table 5 and the temporal distribution of
weekly CO2 emissions are shown in Figure 9. The CO2 emissions are approx. 20% higher during the summer
season compared to winter.
Table 5 Total emissions in the target domain in 2015 modelled with the STEAM3.5 version

Pollutant
PNC [10^12]
NOx [tons]
SOx [tons]
PM2.5 [tons]
CO [tons]
CO2 [tons]
OC [tons]
EC [tons]
Ash [tons
SO4 [tons]
CH4 [tons]
VOC [tons]

Total
2.326E+15
3.419E+06
1.379E+06
1.494E+05
2.550E+05
1.714E+08
5.633E+04
5.221E+03
1.296E+04
7.484E+04
1.290E+04
3.281E+04

4,50E+09
4,00E+09

CO2 emissions [kg]

3,50E+09
3,00E+09
2,50E+09
2,00E+09
1,50E+09
1,00E+09
5,00E+08
0,00E+00
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51
Week of the year
Figure 8 Weekly totals of CO2 emissions in the target domain in 2015 predicted with STEAM3.5
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The geographical distribution of total emissions of CO2, CH4, NOx, PM2.5 and SOx are shown in Figures 10-15,
respectively. Most important shipping lanes and largest harbours are clearly visible. Emissions of particulate
matter and SOx are lower in the SECA region (North Sea and Baltic Sea) than in the rest of the domain due to
the difference in the maximum allowed fuel sulphur content in SECA (max 0.1% in 2015) and globally (max 3.5%
in 2015).

Figure 9 Total carbon dioxide (CO2) emissions in 2015 modelled with the STEAM3.5 version

Figure 10 Total methane (CH4) emissions in 2015 modelled with the STEAM3.5 version

The SCIPPER Project - 814893

15 / 18

D4.2 Improved ship emission data

Figure 11 Total nitrogen oxides (NOx) emissions in 2015 modelled with the STEAM3.5 version

Figure 12 Total particulate matter (PM2.5) emissions in 2015 modelled with the STEAM3.5 version
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Figure 13 Toal sulphur oxides (SOx) emissions in 2015 modelled with the STEAM3.5 version
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