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Executive summary
The present deliverable develops a new set of Emission Factors (EFs) for ships based on an extensive review of
literature sources that reported ship emission on-board and engine test-beds measurements. The developed EFs are
distinguished according to the engine and fuel type and concern various gaseous pollutants (NOX, SOX, CO, HC),
greenhouse gases as CO2 and PM/PN. Also developed energy consumption factors supplement the produced new
set. EFs are expressed in relation with the engine load in order to cover the emission variance under the real-world
operation of ships. EFs are also expressed in relation with the operating mode, in a more aggregated approach when
activity data are not available in detail. The two methods of expressing EFs (load-dependent vs modal) are compared
highlighting the similarities as well as the deviations between them. Finally, information regarding the activity profile
of major ships types is provided, as an outcome of activity patterns reported on recent and older inventories and
studies, as well as of the processing of actual data received from three specific ship types. These activity data in
combination with the developed EFs can be used in order to estimate the actual emission quantities derived from
the shipping sector at various scales (spatial and temporal).
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1 Introduction
The maritime sector remains a challenge in terms of emissions mitigation, in contrast to other transportation sectors
where emission limits are being applied for many years. The sector was responsible for 2,89% of total emitted
Greenhouse Gases (GHG) in 2018, with an expected increasing trend until 2050 (IMO 2020). In parallel, shipping is
characterized by particularly high emissions of harmful pollutants, such as Sulfur Oxides (SOX), Nitrogen Oxides
(NOX) and Particulate Matter (PM), causing a significant deterioration of air quality, especially in coastal areas
(Corbett 2007), (Matthias 2010). More specifically, it is estimated that vessels produce 15% of the total NOX and 58% of SOX emissions, occurring from anthropogenic activities (Lehtoranta 2019b). In addition, globally emitted PM
from maritime are quantified to 0,9-1,7 million tons annually, exposing population living in close vicinity to sea areas
to a large share of this emitted quantity (Moldanova 2009).
In recent years, efforts to regulate the sector and to reduce maritime induced emissions have primarily focused on
the mitigation of sulphur emissions, applying the IMO regulations, with most recent the 2020 global sulphur cap (IMO
2016). NOX are regulated in the context of the type-approval of marine diesel engines or are subject to restrictions
with geospatial characteristics within low emission zones, which are currently applicable in only few parts of the
world, where Emission Control Area (ECAs) have been established (IMO 1997). In addition, GHGs are currently
being systematically monitored and reported by ship operators at EU and international levels (EC 2013), (IMO 2011)
and energy efficient design obligations for specific ship categories have started to be applied, along with carbon
emission reduction strategies (IMO 2018).
The under-regulated maritime sector for many years, started recently to apply technologies and methods for cutting
its emissions, primarily of SOX and NOX and secondly of other pollutants. Indicatively, these measures include engine
optimization techniques, the use of fuel with low sulphur content, the installation and application of aftertreatment
devices (Scrubbers, SCR) and exhaust gas techniques (EGR) and finally the use of alternative fuels (i.e. LNG,
methanol) (EMERGE 2020).
However, the fact that the maritime sector remained under-regulated for many years, the particularity of the sector,
in terms of the transitional nature of a major part of its activities, as well as the fleet synthesis diversity, all can be
considered as main reasons for a generally observed lack in sector emissions data availability and understanding,
which are essential elements for estimating the overall environmental performance of the sector. This lack of data is
inevitably accompanied by a consequent gap in the development of accurate and up-to-date Emission Factors (EFs)
for vessels, which are a main tool for estimating and monitoring anthropogenic activity emissions from various sectors
of the economy. EFs are defined as “representative values that attempt to relate the quantity of a pollutant released to the
atmosphere with the activity associated to the release of this pollutant” (Cheremisinoff 2011).
Existing EF databases (i.e. databases that include average emission rates over activity units of ships) are facing the
above-mentioned difficulties to provide reliable values, which can be representative of the existing fleet condition in
terms of emissions. Nevertheless, as regulations will be implemented and evolved, emerging challenges, such as the
evaluation of the performance of emissions abatement measures, the monitoring of emissions mitigation policies and
the development of accurate local and national emissions inventories demand the continuous upgrade of the EF
databases. These upgrades need to incorporate any new developments in the status-quo of shipping emissions, by
undertaking effort similar to the respective one performed for road transportation, where EFs development and
emission modeling are in an advanced level.
In this context, the target of D4.1 of SCIPPER is to collect, analyze, process and report EFs for various pollutants
and types of ships, based on literature findings, as well as the measurements that have been performed in the context
of SCIPPER real world measurement campaigns. The outputs intend to enhance the EFs already included in the
STEAM model, as well as any future updates of the EMEP/EEA emission inventorying guidebook for navigation.
The remainder of the report is structured as follows: Chapter 2 provides overview information about EFs of the
maritime sector, as well as presents the existing EFs databases and trends in maritime emissions’ performance,
Chapter 3 analyzes the constructed database for the development of EFs in the context of SCIPPER, Chapter 4
presents the results in terms of the developed EFs as a function of the engine load, Chapter 5 reports EFs as a
function of operating mode and Chapter 6 includes a comparison of the various expressions of EFs. Chapter 7
provides information about the activity profile of ships and Chapter 8 highlights the main conclusions.
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2 Emission Factors for ships
2.1

Overview

In the maritime sector, EFs are mainly expressed in relation to either the produced work or the fuel consumed.
Most frequently, the latter can be expressed in energy units, i.e. mass of pollutant per unit of work produced by the
engine (g/kWh) or per unit of fuel consumed (kg/tonne). In a limited number of studies, distance-based EFs in g/nm
(nm: nautical mile) are also presented. EFs are developed for different engine types (slow speed, medium speed, high
speed, steam and gas turbines), as well as utility type (main or auxiliary engines) and fuel used (MDO - Marine Diesel
Oil, MGO – Marine Gas Oil, HFO - Heavy Fuel Oil, Gasoline) (ENTEC 2002),(CARB 2008),(US EPA 2009),(Trozzi
2016). By incorporating the level of activity to EFs, these can then be expressed as a function of the engine operating
points or, at a more aggregated level, they become specific to activity modes as the berthing/hoteling, maneuvering
and cruising that are met under the normal operation of ships (Trozzi 2006). Currently in Europe two main EF
databases exist and widely used: the EMEP/EEA inventory Guidebook (Trozzi 2016) and the STEAM model (Jalkanen
2012).
The EFs that are included in the EMEP/EEA inventory Guidebook are expressed in kg/tonne of fuel, or in g/kWh
(Trozzi 2016). The Guidebook provides EFs for various pollutants, as well as energy consumption factors, which vary
with the fuel and engine type. Especially, when activity data are available (Tier 3 ship movement methodology), then
the estimation of emissions for the main engine is further specified by the operating mode, which is distinguished to
cruising and maneuvering/hoteling. Figure 2-1 presents an example on how vessels’ EFs for NOX (applied for after
2010 rules) and for MDO/MGO fuel type are provided in the EMEP/EEA Guidebook.
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Figure 2-1. NOX EFs in cruising and maneuvering/hoteling for HSD, MSD, SSD engines in EMEP/EEA Guidebook
The STEAM model (Jalkanen 2009) expresses EFs in g/kWh, as a function of the engine load. The NOX loaddependent EFs also vary with the nominal speed of the engine, as well as the engine build year. Figure 2-2 provides
NOX EFs over engine load as estimated by the STEAM model, for engines build after 2010, for all types of marine
fuels (MDO, MGO, HFO). Apart from NOX the following pollutants are also covered: CO, SOX, VOC, PM, BC and
CO2, as well as energy consumption factors.
25
High Speed

Medium Speed

Slow Speed

NOx EF (g/kWh)

20

15

10

5

0
0

0,2

0,4

0,6

0,8

1

Engine Load (%)

Figure 2-2 NOX EFs for High, Medium and Slow speed Diesel engines after 2010 in STEAM
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In the United States (US), the USEPA inventory guidebook also expresses EFs in g/kWh (US EPA 2009). The engine
load is set to 83% for cruising mode. For the other operating modes, the load is estimated by the propeller law
principle, as the cube ratio of actual and maximum speed. EFs are provided for NOΧ, PM, HC, CO, SOΧ, CO2
emissions, along with energy consumption factors. EFs vary on the engine type (slow speed, medium speed, high
speed, steam turbines), fuel type (RO, MDO, MGO) and sulphur content for MGO (0,5% or 0,1%). An example of
the EFs for NOX that are included in USEPA guidebook is depicted in Figure 2-3.
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Figure 2-3. NOX EFs for High, Medium and Slow speed Diesel engines for various fuel types (USEPA 2009)
The existing databases, in line with the respective databases of other sectors, have developed and estimate EFs by
applying a statistical analysis on emissions rates findings, which have been derived from measurements conducted on
ships (on-bord measurements) and ship engines (test-beds).
The following chapters analyze the emission performance of marine diesel engines and describe the process for
emission rates extraction from measurements, which are an essential basis for the development of EFs.

2.2

Ship emissions’ performance

In literature, findings regarding the operation principles of diesel engines provide indications of their performance,
regarding their emissions profile, mainly in relation with the engine load, which is the main study objective of the
present paper.
NOX emissions are formed in the combustion chamber during the reaction of nitrogen content of air and nitrogen
included in fuel, with the oxygen from air, at high temperature (Agrawal 2008). Concerning the overall NOX emission
performance, an area in which marine engines are regulated by applying IMO Tier limits, it seems that these emissions
are increased at higher engine loads due to higher combustion temperatures (Winnes 2009), (Sanaz 2018). However,
some literature papers indicate that in higher loads NOX emissions may be decreased because of the decreased
oxygen at higher loads (increase of fuel to air ratio at these loads), which may balance the effect of the temperature
rise (Woodyard 2004), (Zetterdahl 2016). Exhaust NOX emissions of marine engines are dominated by NO, the
primary reduction product, rather than NO2 emissions (Kristensen 2012). Larger marine engines in terms of rated
power, produce higher specific NOX emissions than lower rated power engines (Sinha 2003), due to the fact that in
slow speed engines the period where the air-fuel mixture remains in the cylinder is longer compared to high speed
engines and therefore the time available for NOX formation is longer (Celo 2015),(Lamas 2012). In contrast, the
effect of fuel type on NOX emissions does not appear to be significant (Petzold 2011) with HFO presenting slightly
higher NOX than distillate (Moldanová et al., 2013).
As regards the operation per modes, it seems that during the cruising mode, fuel-consumption-specific and energyspecific NOX emission factors are higher compared to the phases of maneuvering and hoteling because of the higher
temperatures for longer periods that are being developed during cruising mode, where the engine operates at a
higher but steady load, as NOX formation is favored by higher temperatures (Peng 2016),(Fu 2013),(Wang 2019),(Liu
2017),(Winnes 2010). During hoteling mainly auxiliary engines are operated, which are of lower power compared
to higher power main engines that are used in the operating modes of maneuvering and cruising. These trends per
mode seem to be partially reversed in newer ship engines (after 2010), where the NOX emissions during cruising
approach the values of maneuvering and hoteling, as a result of NOX optimization performance of diesel engines in
older to comply to the established lower limits (Wang 2019).
The SCIPPER Project - 814893
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CO emissions are a product of the incomplete combustion of Hydrocarbons (HCs). CO emissions are mainly caused
by fuel injected close to the cylinder walls where combustion takes place at lower temperature, leading to lower
reaction rate at this area, so formed CO is not being further converted to CO2 (Woodyard 2004). CO emissions
formation depends on the air to fuel mixture and therefore engines with higher nominal engine speed present higher
emissions. EFs for CO, in absolute values, are higher in high speed 4-stroke engines and lower at slow speed 2-stroke
engines, because of the different air to fuel ratio (Zhang 2016),(Celo 2015). As regards the dependence of the
pollutant to the engine load the emissions appear to be higher at low engine loads and decreased with the load
increase, as combustion temperature rises with load (Lehtoranta 2017),(Agraval 2010),(Zetterdhal 2016). On the
other hand, CO EFs seem not to be significantly influenced by the fuel type (Petzold 2011).
HCs are mainly influenced by the combustion efficiency which is further affected by engine load. Fuel and lube oil
escape unburned, due to the inefficient combustion conditions, leading to higher emission rates of HC in the exhaust.
HCs follow the trends and justification of CO in terms of load and engine speed dependance (Kristenssen
2012),(Kalender 2017).
The composition of PM emitted from ships consists of several components such as organic matter (OM), black
carbon (BC), sulphates, metals and inorganic salts (Huang 2018). For the purposes of the current study, OM is
estimated as Organic Carbon (OC) increased by a factor of 20% (OM = OC x 1,2) (Petzold 2008). Furthermore,
particle emissions can also be characterized by the number of particles and their size distribution. Particles are further
divided into solid and volatile parts (Winnes 2016). Both solid and volatile particle number are dominated by ultrafine
particles (under 100nm) (Chu-Van 2018). PM formation is highly related to the diesel engine operation principle, as
the fuel air mixture is not premixed in these compression ignition engines, where the overall mixing is performed
within the cylinder. Therefore, during combustion local insufficient mixing of air with fuel leads to the non-effective
oxidation of fuel and therefore leading to the formation of particles, distinguished to organic and elemental carbon.
The insufficient oxidation of fuel is connected to the elemental part. The organic part mostly comprises of heavy
(low volatility) fuel components as well as lube oil species that escape combustion. Some conversion of lighter fuel
components to heavier species, due to partial oxidation, may also take place during combustion. OM constitutes a
major part of PM composition depending on the fuel type (Moldanova 2009). OM emissions are influenced by the
fuel type and the transition from residual to distillate can reduce the mass, but not the number of PM (Fu
2013),(Zetterdahl 2016),(Winnes 2009). The relation of PM emissions with load appears weak but an increase of
load may show a slight reduction of PM (Winnes 2010), while the EFs of PM present a higher level at low loads,
because of the fuel injection pressure drop at these loads (Chu-Van 2018).
In contrast to NOX, other emissions such as PM, CO and HC are higher in maneuvering mode than cruising, because
of incomplete combustion, as the engine speed during this mode is variable and therefore incomplete combustion
conditions are observed (Peng 2016),(Fu 2013).
CO2 emissions, as the main product in the reaction of HC oxidation, are directly correlated with the carbon content
of the fuel and with fuel consumption. Therefore, as far as the carbon content of various types of fuels changes, then
difference in CO2 emissions can be observed with the fuel use. Therefore, in line with the specific fuel oil consumption
(SFOC) of marine diesel engines, specific CO2 emissions are high at low loads, are decreased in medium loads
presenting a minimum at approximately 70% of the maximum load and are again increased as load tends to 100%
(Woodyard 2004).
SOX emissions primarily depend on the fuel type burned, in terms of its content in sulphur, (FSC) which is oxidized
during the combustion reaction (Miller 2012). Measurements on the same ship before and after the transition to low
sulphur content fuel showed that SO2 emissions have been reduced by 82% (Zetterdahl 2016), while specific
emissions in relation with the engine load present a similar trend with specific fuel consumption, increased at lower
loads and reduced as the engine load increases. Nevertheless, SOX are mainly fuel dependent emissions. SO2 accounts
more than 95% of total SOX emissions with the remaining part being composed by SO3 and sulphates (SO4 and
water) (Miller 2012),(Grigoriadis et al. 2021).
All the above concern the operation of ships while burning various types of marine fuels. In recent years, in the
context of the decarbonization process of the sector, use of alternative fuels is on the core of this effort. In particular,
LNG (Liquified Natural Gas) is the alternative fuel that is considered as a transition one for the decarbonization of
the sector. It is the most real world tested among the alternatives considered as the most reliable replacement to
carbon intensive fuels. Natural Gas (NG) can be burned in ICE either as CNG (Compressed Natural Gas) or after a
liquification process (cooled at -162oC) converted to LNG, which makes it more convenient for transportation and
The SCIPPER Project - 814893
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storage on-board (Andersson 2015). Because of its lower carbon content, it produces less CO2 than regular diesel
fuels. In addition, due to lower peak combustion temperature lower NOX emissions are produced. The main issue
with LNG use, increasing its contribution to climate change, is the occurrence of unburned methane in the exhaust
(methane slip). Methane is considered as one of the greenhouse gases with a 28 times higher global warming potential
(GWP) than CO2 on a 100-year perspective (Andersson 2015). LNG has a significant low sulphur content which
makes its SOX emissions negligible. Small emitted SOX, PM and HC (mainly non methane) quantities may be attributed
to the use of pilot fuel, which is mainly MGO. Marine engines that burn LNG fuel are dual fuel (burn LNG along with
a pilot fuel) can be divided into 3 categories according to the ignition technology: Lean Burn dual fuel, Low pressure
dual fuel and High-pressure dual fuel.

2.3

Characterization of emission performance

Emission rates, in the context of real-world measurement campaigns can be extracted by measuring exhaust
emissions in relation to fuel consumption and useful energy outputs of the vessel. The measurement process mainly
includes the involvement of high-end measurement systems for gaseous pollutants or more simplified sensors, which
are placed in the ship funnel (before or after any emission control system). Specifically, NOx exhaust emissions are
being measured with the use of chemiluminescence detector (CLD). CO and CO2 with non-dispersive infrared
(NDIR) analyzer, THCs with the use of Flame Ionization Detector (FID) and SO2 with FTIR (Fourier Transform
Infrared spectroscopy) (Lehtoranta 2019b) or infrared absorption. For PM and Particulate Number (PN), a dilution
system is also required prior to the PM/PN measurement sampling systems, where in most cases sampling is
accomplished by filters for measuring particle mass. In parallel, the fuel consumption of the ship is measured or
estimated, along with the instantaneous engine power and finally emission rates over the fuel consumption or the
produced useful work are composed.
Any such emission rates can be correlated with the respective activity data, which vary from the engine operating
points or the ship operating modes (maneuvering/hoteling, cruising) and this correlation with measurement results
leads to the extraction of emission rates that are expressed as a function of an activity variable. This overall process
is schematically represented in Figure 2-4. More information regarding the on-board emission measurements and
the operation principles of on-board sensors are provided in the D.1.1 of SCIPPER (SCIPPER 2021a).

Figure 2-4: Schematic representation of EFs development process through on-board measurements
Measurements can also be performed in the laboratory, at dedicated engine measurement test-beds, linking emissions
with the instantaneous steady-state operation of the engine. The engine is placed at a dynamometer and is operated
at various constant loads. The sampling system is similar to the one used in real-world on-board emission
measurements (Ntziachristos 2016b). The schematic representation of in-lab tests is similar with the on-board
measurements depicted in Figure 2-4, with the only difference that the activity data concern a predefined engine
operating points sequence according to test cycles. Engine dynamometer measurements are convenient for testing
various types of fuels (Distillate, LNG, biofuels) (Ntziachristos 2016b), (Lehtoranta 2019b) and aftertreatment
options (SCR) (Lehtoranta 2015) at the same engine setup. The pollutant species may differ according to the
The SCIPPER Project - 814893
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measurement protocol, as well as the overall measurement needs. The overall process mostly follows the
specifications of the ISO 8178 protocol.
As regards the activity data, those in engine test-bed measurements most frequently correspond to the test
conditions for the certification of marine diesel engines, specifications of which are provided in the “Appendix II-test
cycles and weighting factors” of the IMO MARPOL Annex VI “Regulations for the Prevention of Air Pollution from
Ships” and in ISO-8178 standard for non-road engine applications (Yang 2019). Three of these test cycles are
indicatively provided in Table 2-1, where the operating points that are being followed during the tests are shown.
Apart from the in-lab tests, the same cycles can be also tried to be replicated in the sea during actual field
measurements, by trying to navigate the ship at the predefined sequence of operating points (Kalender 2017).
Nevertheless, in actual field measurements the main target point concerns the replication of real-world operating
conditions. Therefore, the real activity profile of the ship is captured (speed, position etc.) with a satellite GPS system
in the form of AIS data (Automatic Identification System), in order afterwards to be distinguished in separate trip
phases (cruising, maneuvering/hoteling) (Chu-Van 2018). Cruising corresponds to the phase of voyage between two
destinations at open sea, maintaining approximately a high constant speed (and at most of time at steady engine load).
Maneuvering is related to the phase where a ship departs or arrive at a port and is in principle characterized by
transient engine operation, actually constituting an acceleration and deceleration mode. During hoteling/at berth
phase ships are moored at port (zero speed) and perform cargo operation. At this phase mainly auxiliary engines are
working to cover ship energy needs (Jalkanen 2009).
Table 2-1 Test cycles for marine engines specified in MARPOL Annex VI and ISO-8178
Cycle Type

Measure

Test cycle type E2
(constant-speed main propulsion
application (including diesel-electric
drive or variable-pitch propeller
installations)

Speed

100%

100%

100%

100%

-

Power

100%

75%

50%

25%

-

Weighting factor

0.2

0.15

0.15

0.15

-

Test cycle type E3
(propeller-law-operated main and
propeller-law-operated auxiliary engine
application)

Speed

100%

91%

80%

63%

-

Power

100%

75%

50%

25%

-

Weighting factor

0.2

0.15

0.15

0.15

-

Speed

100%

100%

100%

100%

100%

Power

100%

75%

50%

25%

10%

Weighting factor

0.05

0.05

0.05

0.05

0.05

Test cycle type D2
(constant-speed auxiliary engine)

Value

In the past few years in-plume measurements have been conducted via remote sniffer technology, which is installed
either in fixed positions where increased ship activity exists (ports/harbor/bridges) (Ekmektizoglou 2020), or installed
in moving means that chase ship plumes (mobile laboratory vans, boats, aerial means) (Pirjola 2014),(Murphy 2008).
In recent years, new techniques are applied as drones carrying small sniffer systems chase plumes and measure
emissions. These sniffer-based methods measure in-plume pollutants’ concentrations in ppm for gaseous pollutants
while the energy consumption is estimated based on measured CO2 emissions concentrations also in ppm. The
transition from concentration measurement into emission rate is accomplished by multiplying the concentration ratio
of the pollutant over the CO2, with the ratio of the molecular masses of both gases and by estimating the type of
fuel used (Pirjola 2014). Specific attention should be given once developing emission rates through this method as
background concentrations should carefully be removed. The schematic representation of the remote emission
measurement process, by using sniffer-based technology installed in various means is presented in Figure 2-5.
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Figure 2-5 Schematic representation of sniffer-based remote emission measurements
Sniffer systems operation principle is based on sensitive trace level analyzers, while small sniffers carried mainly by
drones (operate closely to the ship funnels) are lightweight, less sensitive, and less precise in comparison to high-end
sniffer systems that are installed either in fixed positions or moving means (vessels, vans etc.), operating hundred
meters downwind of shipping lanes. More information of sniffer based remote systems are provided in D2.1 of
SCIPPER (SCIPPER 2020a).
Remote measurements are not only conducted by applying sniffer-based techniques but are also performed on the
basis of Differential Optical Absorption Spectroscopy (DOAS) principles. These optical remote sensing techniques
can be applied through fixed station, airborne means or even satellite applications, while they are specifically effective
in measuring NO2 and SO2, pollutants which present strong and specific absorption properties in the UV region.
More information is provided also in D2.1 of SCIPPER (SCIPPER 2020a).
Measurements are expressed on the basis of molecules/cm2, leading to the development of grid-based EFs, which are
being visualized in a map (in a raster form) on a temporal resolution (Richter 2004). The overall process is
schematically presented in Figure 2-6.

Figure 2-6 Schematic representation of optical remote emission measurements
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The above description of the emission performance, as well as the emission rates measurement process and their
dependence on various parameters, suggest that engine operating points play an important role, as a variable to
explain the variance of emissions and therefore developed EFs can be expressed as their function. Regarding other
parameters that influence emissions, the engine type and technology (reflected e.g. in the year of engine
manufacturing), as well as the fuel type appear to be important, however their influence strongly depends on the
nature of each pollutant. From the above literature review, main research questions arise, which the present report
seeks to answer through the development of EFs derived from the processing of several emission rates published in
literature. These main questions are the following:





How parameters as the fuel type, nominal engine power and rotational speed affect power-based EFs of
gaseous pollutants and PM/PN?
What is the effect of regulations in EF trends over time?
How power-based EFs for gaseous pollutants vary in relation with the engine load?
What are the differences between load-dependent EFs and EFs that are expressed in relation with activity
mode?

In this context, the target can be summarized to the following points: To understand, through literature findings, the
emission profiles of vessels under various operating conditions (points and modes), to develop new EFs based on
literature findings through statistical processing, and to justify the effect of regulations in emissions.
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3 Construction of database for Emission Factors development
3.1

Database structure

The overall suitability of engine load as a variable to describe shipping emissions is explained by the fact that the
number of operating points of ships during real world operation is specific and relatively easy to be identified, as
ships spend most of their operating time at specific steady state loads. It is indicative that 94-99% (depending on
vessel type) of the total operating time is in cruising and in hoteling/anchoring, in which the ship sails on a constant
engine load or remains standing, in idling phase. In contrast the phase of maneuvering, dominated by a transient
operation, covers only 1-6% of the voyage (Comer 2017). Thus, the engine load isn’t, as much as in the automotive
sector, a complicate explanatory variable for shipping emissions and therefore it can be further used for the
development of EFs that can produce inventories even at large scales, without sacrificing the accuracy of the results.
The methodology for developing EFs is primarily based on a Literature Review (LR), which resulted in the collection
of 157 papers, studies and reports focusing on vessel emissions, from which finally 59 were utilized, with over 150
individual emission measurements’ results deploying various methods. These mainly comprised on-board
measurements (37 measurements) and marine engine placed on test-beds (19 measurements). Also 2 identified inplume measurements and 1 on-board and in-plume measurement were considered (Grigoriadis et al. 2021). For each
test configuration various emission rates, including gaseous pollutants (NOX, CO, SO2, THC, etc.), greenhouse gases
(CO2) and PM/PN, as well as energy consumption rates have been collected. Therefore, all these reported emission
and energy consumption rates found in LR (expressed in g/kWh or g/kgfuel) have been organized in a unique database
and divided in category groups (fuel type, engine type, ship category etc.).
Fuel is an important parameter in all papers studied. The main fuel categories for the maritime sector are residual,
mainly Heavy Fuel Oil (HFO), distillate, mainly Marine Diesel Oil (MDO) and Marine Gas Oil (MGO) and LNG,
methanol. The fuel properties that have been imported into the database are Fuel Sulphur Content (FSC), Ash
Content, Carbon Content and Lower Heating Value (LHV) in MJ/kgfuel.
The content of the database, concerning the numbers of the accumulated papers per the test method (on-board,
engine test bed etc.) and per method of analysis (engine load and operating mode), is provided in panels of Figure
3-1.

Figure 3-1. Papers with reported emission rates collected, per measurement type
As presented in Figure 3-1, the most common of the test methods used on the literature is On-Board measurements
and then comes the Test-Bed method. In plume measurements have been reported in 7 papers and also one more
paper exists that measured both on board and in plume, by using an aircraft equipped with the appropriate testing
equipment. The rest of the papers collected, have reported a literature review of some older inventories, or have
reported data that could not be extracted and inserted to the database. Other papers have been used for
understanding of various emissions mechanisms or contain extended technical information on a shipping emission
topic. There is an increasing number of studies explaining the operation and capabilities of various aftertreatment
systems. It is important to note that the published inventories of major organizations and authorities throughout the
world, as USEPA 2009, Shipping Guidebook 2019, ENTEC 2002, have been collected and studied in depth. In addition,
the majority of the collected studies have conducted measurements that reported emission rates in relation with
the engine load (58 studies). The number of studies that analyzes emissions in relation with the operating mode is
22.
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The mix of data and plurality of tested conditions provide confidence on the reliability of the results. This is proved
from the number of the emission factors collected from the literature. In Figure 3-2 the collected emission rates
from the literature review are further specified. More specifically, on the left panels of Figure 3-2 the emission rates
for main engine collected for gaseous pollutants and particles and their speciation are presented, while on the right
panels the respective emission rates for auxiliary engines are given. As proven from the referred figure, published
research has been primarily focused on understanding the operation and emissions of the main engines. Main engines
are responsible for providing the propulsion on the vessel. Auxiliary engines, on the other hand, are responsible for
generating the necessary electricity for other vessel’s operation, such as air conditioning, hot water, and other
electrical installations inside the cabins (Jalkanen 2012), without neglecting that they can be also used in maneuvering
with bow thrusters as well as for propulsion.

Figure 3-2 Number of gaseous, PM/PN and speciation pollutants’ emission rates
One major observation that needs to be mentioned, is the lack of data in relation with auxiliary engine particles and
their speciation. Except of some reported emission rates of PM, there is no satisfactory evidence for the speciation
and in many pollutants such as Sulphates, Ash and BC no data exist. This is a critical conclusion of this analysis,
because auxiliary engines, mainly, operate when vessel is at berth, in order to generate the necessary electricity. So,
the auxiliary engine emissions concern the port regional activity and probably the surrounding area and population.
So, further research in that way needs to be done in the future.
Another thing that needs to be noted is related to the units reported on the literature. The majority of emission
factors proposed on the papers, are energy based, in g/kWh. Fuel based emission factors account for only 16% to
30% of the power-based emission factors of the pollutants, both for main and auxiliary engines. In a limited number
of studies, distance based EFs in g/nautical mile are also observed. For that reason, power-based emission factors
have been used on this analysis, that will be presented in the next chapters, while distance based EFs could be
impractical beacause of divergence in ship design.
Finally, apart from the reported emission rates, data related to the fuel type used as well as the engine type are
included in the database. The number of fuels per type used in the identified measurements, as well as the recognized
engine types are provided in Figure 3-3.
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Figure 3-3 Number of fuel type used and engine type tested distributions
Overall, in Error! Reference source not found., a screenshot of the constructed database is provided, presenting
some of the main elements which have been described above.
Paper No.

A/A

Test Method

Vessel Type

Main
Stroke

Speed [rpm]

MCR [kW]

Engine name

Stroke

Speed [rpm]

MCR [kW]

1

1

On Board

Handy size Bulk Carrier

Vessel's info
IMO No. DWT (tonnes) GT (tonnes) Year Built
45308

31113

2012

MAN B&W 6S50ME-C8

2-stroke diesel

nominal: 127

7948

MAN B&W 6L16/24

4-stroke diesel

1200

660

1

2

On Board

Handy size Bulk Carrier

45308

31113

2012

MAN B&W 6S50ME-C8

2-stroke diesel

nominal: 127

7948

MAN B&W 6L16/24

4-stroke diesel

1200

1

2

On Board

Handy size Bulk Carrier

45308

31113

2012

MAN B&W 6S50ME-C8

2-stroke diesel

nominal: 127

7948

MAN B&W 6L16/24

4-stroke diesel

1200

660

1

2

On Board

Handy size Bulk Carrier

45308

31113

2012

MAN B&W 6S50ME-C8

2-stroke diesel

115

7948

MAN B&W 6L16/24

4-stroke diesel

1200

660

1

2

On Board

Handy size Bulk Carrier

45308

31113

2012

MAN B&W 6S50ME-C8

2-stroke diesel

102,5

7948

MAN B&W 6L16/24

4-stroke diesel

1200

660

1

2

On Board

Handy size Bulk Carrier

45308

31113

2012

MAN B&W 6S50ME-C8

2-stroke diesel

90

7948

MAN B&W 6L16/24

4-stroke diesel

1200

660

1

2

On Board

Handy size Bulk Carrier

45308

31113

2012

MAN B&W 6S50ME-C8

2-stroke diesel

68

7948

MAN B&W 6L16/24

4-stroke diesel

1200

660

1

3

On Board

Handy size Bulk Carrier

45308

31113

2012

MAN B&W 6S50ME-C8

2-stroke diesel

nominal: 127

7948

MAN B&W 6L16/24

4-stroke diesel

1200

660

2

4

On Board

Tugboat

360

1998

4-stroke diesel

750

2648

2

4

On Board

Tugboat

360

1998

4-stroke diesel

750

2648

2

4

On Board

Tugboat

360

1998

4-stroke diesel

750

2648

2

5

On Board

Container

2289

2011

4-stroke diesel

1200

880

2

5

On Board

Container

2289

2011

4-stroke diesel

1200

880

2

5

On Board

Container

2289

2011

4-stroke diesel

1200

880

2

6

On Board

Container

2612

2006

4-stroke diesel

1500

900

2

6

On Board

Container

2612

2006

4-stroke diesel

1500

900

2

6

On Board

Container

2612

2006

4-stroke diesel

1500

900

2

7

On Board

Container

3221

2012

4-stroke diesel

1500

900

2

7

On Board

Container

3221

2012

4-stroke diesel

1500

900

2

7

On Board

Container

3221

2012

4-stroke diesel

1500

900

2

8

On Board

Container

3748

2010

4-stroke diesel

750

1620

2

8

On Board

Container

3748

2010

4-stroke diesel

750

1620

2

8

On Board

Container

3748

2010

4-stroke diesel

750

1620

2

9

On Board

Roro-ship

6028

2005

4-stroke diesel

750

1830

2

9

On Board

Roro-ship

6028

2005

4-stroke diesel

750

1830

2

9

On Board

Roro-ship

6028

2005

4-stroke diesel

750

1830

2

10

On Board

Passenger Liner

4044

2003

4-stroke diesel

900

1560

2

10

On Board

Passenger Liner

4044

2003

4-stroke diesel

900

1560

2

10

On Board

Passenger Liner

4044

2003

4-stroke diesel

900

1560

Engine name

Auxilliary

660

Figure 3-4: Database structure screenshot
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4 Load-dependent EFs development
4.1

Methodology

By applying a statistical analysis on the reported emission rates, a dimensionless dependence of the emission rate
with the engine load was established to understand the overall trends of this emission variance with load. This
normalization is repeated per pollutant by dividing all the measured emission values collected at the various loads of
each measurement test recognized in literature, with the respective value within the same dataset obtained at a
reference engine load point. This reference load point is selected to be the one most frequently observed in the
available literature. For the different engine types and pollutants, this point has generally been found in the range of
40-50%. The normalization provides the link of emission differentiation with load for each pollutant. The overall
process is schematically provided in Figure 4-1. Average values for each pollutant (named Base EFs - BEFs) for this
reference load point have been calculated for the three categories of marine engines (slow, medium and high speed)
and the different fuel types.
In order to find the best load correction equation that describes the reported emission factors, certain breakdowns
of the data were necessary. The breakdowns performed are related with the engine speed and fuel. For main engines,
the engine speeds from the literature are mostly slow and medium speed and rarely high speed. On the other hand,
for auxiliary engines, no slow speed engines exist, and the majority of them are medium and high speed. The fuel
types, as described before, are residual, distillate and LNG. Additionally, combination of the breakdowns has been
performed between engine and fuel types.

Figure 4-1: Schematic representation of the EFs development process
The focus of the present deliverable is on providing EFs without considering the effect of aftertreatment system or
alternative fuels or biofuels, so these types of measurements have not been included. In addition, papers that have
not reported the engine load of the tests or reported weighted emission factors were also excluded from the analysis.

4.2

Fuel Properties

Fuels play a significant role in the worldwide maritime operations. In recent years, fuels have been in focus by the
regulatory bodies due to their properties and their consequences to various emissions. The most recent regulation
that has been adopted worldwide by the IMO, is the 2020 Sulphur cap, with effective date from 1st of January 2020.
This limits the fuel sulphur content of the fuel to 0.5%, independent of the region sailing. This followed the
establishment of emission control areas (ECAs) where FSC has already been limited to 0.1%. The introduction of
this regulation has a direct effect on lowering the emissions of SOX and indirectly the emissions of Particulate Matter.
Additionally, except sulphur content of the fuel, carbon content plays significant role, due to the direct effect on CO2
emissions. Furthermore, lower calorific value of the fuel is also an important element, because it refers to the energy
density of the fuel and hence its capability to produce the necessary power for vessel requirements. All these
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properties and many more can be evaluated by performing a chemical analysis on the fuel, which stands as a standard
procedure during bunkering of a vessel.
The most important fuel properties that have a direct effect on emissions have been also collected from the literature
review and are provided here. In particular, we have collected sulphur, ash and carbon content and lower calorific
heating value. In Table 4-1 is presented the average, standard deviation, and the number of observations for each of
the mentioned properties, distinguished in two major fuel categories, residual and distillate. As can be seen from
Table 4-1, sulphur and ash content on residual fuels are higher than on distillates, as expected. Carbon content is
slightly higher for the residuals. Moreover, lower heating value (LHV) for the residuals are lower than for distillates,
meaning that the distillates are energy denser fuels. Finally, on the last column of the Table 4-1, the CO2 emission
factors, in g/MJ, for residuals and distillates have been calculated from the average fuel carbon content (FCC) and
LHV, using Equation 1.

EF

= FCC ∙

∙

Eq.1.

As expected, the energy denser distillate with slightly lower carbon content has a lower CO2 emission factor than
the residual fuels.
Table 4-1 Residual and Distillate fuel properties and CO2 emission factor in g/MJ
Fuel

Sulphur Content
(%)

Ash Content
(%)

Carbon
Content (%)

LHV
(MJ/kg)

CO2
EF*
(g/MJ)

Residual

1,42 ± 1,01 (93)

0,0383 ± 0,0307 (52)

86,8 ± 1,25 (48)

41,5 ± 2,34 (43)

76,7

Distillate

0,0931 ± 0,0805 (74)

0,00634 ± 0,00333 (27)

86,5 ± 1,27 (36)

43,4 ± 2,41 (42)

73,0

LNG

0,00

0,00

75,3

49,8

55,4

*Calculated based on average fuel properties

Distillate average sulphur content was found lower than 0,01%. Therefore, the average distillate fuel considered here,
with its properties, actually represents an ECA compatible fuel, with use of it, ships can sail in areas where the IMO
strictest FSC limit exists.

4.3

Engine types and utility

In ships three main types of Diesel and LNG fueled engines are used. The engine types that are met in ships are the
following:
 Slow speed two stroke (0-300 rpm)
 Medium four stroke (300-900 rpm)
 High speed four stroke (>900 rpm)
Therefore, a main parameter for the distinction of the developed EF is the engine type. In addition, concerning the
utility of the engines these are:
 Main engines
 Auxiliary engines
For simplicity reasons as well as an output of the conducted analysis on the literature sources, the utility of the
engines does not appear to be a parameter of EFs differentiation. Therefore, in the load dependent EFs estimation
the same values (BEFs & load dependent functions) for main and auxiliary engines are being applied. For boilers, a
lack of available measured data occurred and therefore EFs could not be provided.

4.4

Estimation of load dependent EFs

In this chapter the results of our literature review analysis are presented per pollutant. In the following figures, it is
presented the normalized measurements collected from the literature (blue points) and the line that depicts the
trend of the dimensionless load correction. The dimensionless load correction of each pollutant is expressed as a
function of engine load. The trendline starts at 10% engine load, due to the unstable and highly variable operation of
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the engine below 10%. In addition, measurement data below 10% engine load were negligible. As stated, before the
power-based emission factor in g/kWh are presented. The power-based emission factor is acquired from the
multiplication of the dimensionless load correction equation (LC) as a function of engine load and the base emission
factor (BEF) for each pollutant, as presented in Equation 2. In addition, LNG equations and base values for each
pollutant are presented separately of the liquid fuel ones.

EF
4.4.1
4.4.1.1

= LC ∙ BEF

Eq. 2.

Absolut values of EFs – Base EFs
Diesel fuels

The accumulation of emission rates from various sources led to the estimation of the mean values for various gaseous
pollutants (NOX, CO, HC) and the SFOC. These values consist the absolute values of average shipping emission
levels and have been estimated per engine type, as from the literature review occurred that the emission performance
of ships seems to be engine specific. Therefore, the estimated average emission levels per engine type as an inset at
a reference point of 50% engine load, along with the standard deviation are provided in Table 4-2. The average
emission levels constitute the Base EF in the overall process of EFs development.
Table 4-2. General Base Emission Factor (and standard deviation in parenthesis) per engine type without fuel type
distinction at 50% engine load
Base Emission Factor (BEF) and Consumption Factor (BCF)
Pollutant
All
SSD
MSD
HSD
NOX
(g/kWh)

13,2 ± 3,98 (35)

14,4 ± 3,60 (15)

12,4 ± 4,08 (15)

11,7 ± 3,68 (5)

CO
(g/kWh)

0,898 ± 0,571 (38)

0,714 ± 0,631 (14)

0,974 ± 0,530 (18)

1,10 ± 0,361 (6)

HC
(g/kWh)

0,440 ± 0,350 (20)

0,358 ± 0,234 (7)

0,405 ± 0,204 (9)

0,662 ± 0,599 (4)

SFOC
(MJ/kWh)

8,83 ± 0,841 (10)

8,48 ± 0,266 (3)

8,42 ± 0,493 (4)

9,74 ± 0,891 (3)

The calculated mean values for CO and HC show that emissions are higher at high-speed engines and the emission
level is smaller at slow speed. This finding is mainly attributed to the fact that in slow speed engines the timespan of
combustion is longer and therefore more time for complete oxidation of emissions exists. As regards fuel
consumption, it seems that slow speed and medium speed engines are equally efficient, while high-speed appear to
be more energy demanding. This finding is interesting as in general 2-stroke engines are assumed more efficient than
4-stroke, while our finding indicates an equal efficiency between the 2-stroke SSD and the 4-stroke MSD. However,
the 4-stroke HSD is the less efficient between them. For NOX emissions, the opposite trend compared to the other
gaseous pollutants (CO, HC) has been identified, as a tradeoff mechanism. Slow speed engines present higher NOX
emission production, which is mainly caused by higher combustion temperatures and air to fuel ratio, which
characterize these larger engines.
A critical NOX emission level differentiation element compared to the other gaseous pollutants is the fact that the
pollutant is regulated in the context of the established Tier standard regulation. Therefore, the influence of the
regulation is also depicted in the calculated values of EFs. This positive regulatory influence in reducing NOX
emissions, as Tier limits were evolved, is presented in Table 4-3, where the mean calculated values per engine type
and NOX Tier standards are combined. Newer engines that comply with Tier II limit present lower emissions than
older engines of Tier I, while engines constructed before the Tier limits’ introduction (referred as Tier 0) are the
highest emitters. NOX Tier III for diesel engine is the best case in terms of NOX emissions minimization and is
accomplished when SCR is installed on ships.
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Table 4-3 NOX Base EFs per engine type and TIER standards for 50% engine load
NOx BEF (g/kWh)

TIER 0

TIER I

TIER II

TIER III

SSD

17,7 ± 2,14 (20)

14,4 ± 2,75 (11)

11,3 ± 2,53 (14)

2,00 ± 0,00 (1)

MSD

10,8 ± 1,60 (6)

10,5 ± 2,01 (27)

8,28 ± 0,148 (4)

1,02 ± 0,815 (9)

HSD

8,53 ± 2,71 (4)

7,41 ± 1,72 (6)

5,95 ± 1,15 (3)

1,25 ± 0,150 (2)

CO2 and SO2 have been calculated by the SFOC and average fuel properties (carbon and sulphur content, Lower
Heating Value – LHV), which have also derived from the collected literature sources. Specifically, the SO2 calculation
is based on the identified in literature sulphur conversion rates to SO2 and SO4. Table 4-4 includes the calculated
BEFs for CO2, SO2 and PM. PM have also been estimated as the sum of species: OM, EC, ash and hydrated sulphates
(SO4 + 6,5H20). The values for OM and EC derived by applying a statistical analysis on the reported literature
emission rates. Ash emissions are calculated as the output of the ash content with the SFOC and the fuel LHV.
Hydrated sulphates are also related to the identified SO4 conversion rates also extracted from literature sources
processing, the SFOC, LHV and the molecular masses. More information regarding the calculation of SO2 and PM
are provided in the Annex of the present report. The provided values per fuel are referred to the fuel properties
are already these have been described in section 4.2.

Pollutant

Table 4-4 CO2, SO2 and PM BEFs, per engine type and fuel for 50% engine load
Base Emission Factor (BEF)
Fuel type
All
SSD
MSD
HSD

CO2*
(g/kWh)

Residual

678

651

646

747

CO2*
(g/kWh)

Distillate

645

619

615

711

SO2**
(g/kWh)

Residual

4,43

4,31

4,29

4,70

SO2**
(g/kWh)

Distillate

0,372

0,358

0,355

0,410

PM ***
(g/kWh)

Residual

0,960

0,934

0,930

1,03

PM ***
(g/kWh)

Distillate

0,217

0,215

0,215

0,221

*CO2 has been calculated by the SFOC, considering a fuel carbon content of 86,8% and LHV of 41,5 MJ/kg for residual fuel and 86,5% and 43,4
MJ/kg for distillate.
**SO2 has been calculated by the SFOC, considering FSC of 1,42% and LHV of 41,5 MJ/kg for residual fuel and 0,0931% and 43,4 MJ/kg for
distillate.
***PM has been calculated by the sum of organic mass, elemental carbon, ash, hydrated sulphates (SO4 +6,5H2O).

CO2 is directly proportional to the SFOC and therefore high-speed engines produce higher emissions, due to lower
efficiency, compared to medium and slow speed. The higher heating value of distillate in combination with its slightly
lower carbon content than the residual, leads to lower CO2. SO2 is also a fuel dependent pollutant, especially affected
by the sulphur content. Therefore, the distillate fuel that on average contains 0,09% sulphur produces significantly
lower SO2 emissions than residual, where average FSC is estimated to 1,42%. For PM, it seems that the engine type
does not significantly influence the estimated BEFs, as presented in Table 4-4. However, PM shows to be influenced
by the fuel type and its properties. Specifically, residual fuel leads to higher PM than distillate. The higher sulphur
content of residual leads to higher emission of hydrated sulphates, which is in this case the main contributor of PM
formation, while from distillate fuel combustion OM is mainly emitted.
As PM is constituted by EC and OC, a further analysis of its speciation was performed on the basis of the statistical
analysis of emission rates. For the purposes of the paper, EC and BC are considered highly correlated and therefore
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are assumed equivalent. Thus, EC incorporates BC and further on, the term EC will be solely used. Table 4-5 includes
the breakdown of PM in terms of its main species. In addition, PN for total and non-volatile (solid) is included,
irrespective of the fuel type as fuel specific data were not available.
Table 4-5 OC, EC and PN BEFs for total and solid particle. OC and EC are provided for 50% engine load, while
SO4 conversion rate, PN (total and non-volatile) at 75%.
Base Emission Factor (BEF)
Pollutant
All
Residual
Distillate
OC
(g/kWh)

0,232 ± 0,158 (14)

0,248 ± 0,163 (12)

0,138 ± 0,0617 (2)

EC****
(g/kWh)

0,0182 ± 0,0181 (16)

0,0206 ± 0,0193 (13)

0,00827 ± 0,00319 (3)

SO4 conversion rate
(%)

3,94 ± 1,50 (6)

4,56 ± 0,627 (5)

0,827 (1)

PN
(#/kWh)

3,58E+15 ± 1,87E+15 (3)

N/A

N/A

PN non-volatile
(#/kWh)

6,33E+14 ± 2,67E+14 (2)

N/A

N/A

****EC equivalent to BC

From Table 4-5, it can be observed that residual fuel leads to more OC and EC compared to distillate.
4.4.1.2

LNG Fuel

The LNG BEF for gaseous pollutants have been derived by limited number of studies. The absolute values are
provided in Table 4-6. For Lean Burn the provided values are at the 40% of engine load, while it is found at 50% for
the low-pressure DF. It is noted that 1-5% of the energy consumption is related to the pilot fuel (Andersson 2015).
It is noted that our analysis for LNG emerged mainly from one paper that used Lean burn dual fuel engine, so further
research needs to be done in that direction and also include of available technologies (Andersson 2015),(Lehtoranta
2017),(Lehoranta 2019b),(Ushakov 2019).
Table 4-6 Gaseous pollutants BEF with the LNG use at 40% engine load for the Lean Burn DF and 50% for Lowpressure DF
Base Emission Factor (BEF)
Pollutant
Lean Burn DF
Low-pressure DF
NOΧ (g/kWh)

0,70 ± 0,00 (1)

N/A

CO (g/kWh)

3,80 ± 0,00 (1)

N/A

HC (g/kWh)

4,00 ± 0,00 (1)

3,30 ± 0,00 (1)

LNG NOx BEF are by far lower than these of Diesel fuels due to the reduced peak temperatures during combustion.
Hence, marine engines that burn LNG fuel are capable to meet the strictest IMO TIER III limit that came into force
in 2016, for new build ships and only in NOX emission control areas (NECAs).
LNG CO and HC are higher than of marine diesel. For HC this rise is related to the methane that escapes unburnt
in the exhaust (85% of total emitted HC is CH4). Here, it has to be mentioned that the low-pressure DF presented
in Table 4-6 was a two-stroke engine, while the lean burn df was a four stroke. Therefore, through the comparison
of these two types of engines it also verified for LNG that two stroke engines present lower HC emissions than four
stroke due to longer time for oxidation and a larger combustion space, with a favorable volume-to-surface ratio.
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CO2 from the LNG use has been calculated on the basis of the average fuel properties (fuel carbon content and
LHV) and the SFOC. Here it is important to be noted that data for the SFOC of LNG were not found in literature,
therefore the respective of diesel engines were used. This may lead to an misestimation of CO2 emissions occurred
by LNG burn. For SO2 as the sulphur content of the fuel is considered zero, the BEF for the pollutant with the use
of LNG is also considered zero. In reality, small emitted quantities of SO2 can be detected due to the pilot fuel used
on the combustion process, which contains sulphur, as well as the lubricating oil. This quantity may be higher at
lower engine operation where the percentage of the pilot fuel in the total fuel mix is increased. The calculated values
for CO2 and SO2 per engine type are provided in Table 4-7. The calculation of BEFs have been performed at 40%
engine load.
Table 4-7 Calculated CO2 and SO2 BEF from LNG use for SSD, MSD and HSD engines at 40% engine load
Base Emission Factor (BEF)
Pollutant
SSD
MSD
HSD
CO2 (g/kWh)

512

508

587

SO2 (g/kWh)

0,0195

0,0193

0,0223

*CO2 has been calculated by the SFOC, considering a fuel carbon content of 75,3% and LHV of 49,8 MJ/kg.

CO2 is lower than diesel fueled engine, as a result of the lower carbon content of the fuel and a higher heating value.
This approximately 27,8% lower absolute value of LNG CO2 compared to CO2 emissions from residual and 24,1%
from distillate show the strong potential of LNG in the transition of low carbon intensive shipping sector. However,
due to methane slip of LNG the overall recognized positive impact in climate change mitigation is partially under
consideration. The overall balance regarding the impact of the fuel in climate change is out of the scope of the present
report.
It is also evident that SO2 emissions are nearly zero, with the small emitted quantities mainly attributed to the pilot
fuel, and therefore LNG ships can comply to all the established FSC limits with the use of LNG.
For the PM and PN the BEF have been retrieved from literature. Therefore, in contrast with the diesel fuel where
PM is calculated as the sum of various PM substances, for LNG the unprocessed PM values retrieved from literature
are used for the estimation of the base EF. For PM and PN the provided values are at the engine load of 40% and
correspond to lean burn DF engine. The estimated BEF for particles mass and number are provided in Table 4-8.

Pollutant

Table 4-8 PM, PN BEF at 40% engine load from the LNG use
Base Emission Factor (BEF)
All

PM (g/kWh)

1,80E-4 ± 0,00 (1)

PN (#/kWh)

2,29E+12 ± 0,00 (1)

PN non-volatile (#/kWh)

9,50E+11 ± 0,00 (1)

Comparing the LNG BEF with the diesel it appears the particle mass and quantity are much lower.
4.4.2

Load dependent functions

This chapter includes the load dependent formed trends, which are presented as load correction factors (LC). These
formed trends reveal and explain the variance of emissions with the engine load. Apart from the formed trend which
occurred for some pollutants through the statistical processing of the accumulated emission rates (NOX, CO, HC
SFOC, OC, EC, PN), for other pollutants (PM, SO2, SO4) the formed trend is a calculated result. The detailed LC
functions, along with the statistical R2 are provided in the ANNEX. Reader can use the functions (LC) of ANNEX,
along with the BEF of the previous chapter in order to calculate the various EFs. Therefore, the remainder of chapter
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focuses on the explanation and analysis of the emission performance in relation with the engine load for Diesel fuels
and LNG.
4.4.2.1

Diesel fuels

The statistical process outputs of the emission performance in relation with the engine load are provided in Figure
4-2, where the dimensionless emissions rates’ dependence with the engine load for various pollutants (NOX, CO,
HC) and SFOC are depicted. For all of these pollutants and SFOC the most frequently met engine load is 50%,
therefore emission rates have been normalized with the emission rate at this engine load. The variance of emissions
with the engine load is shown by the formed best-fit trend line over all the dimensionless points, which have been
occurred from the normalization process of the emission rates. The type of the fitted function is different per
pollutant. The pollutant equations are provided in ANNEX as outputs of the performed least-squared regressions.
Emission rates representing all engine types (SSD, MSD, HSD) have been included at the same pool of normalization,
as it is considered that emissions present the same dependence with the engine load irrespective of the engine type.

Figure 4-2: Engine load formed trend of pollutants for normalized emission rates (NOX, CO, HC) and Specific Fuel
Oil Consumption at 50% engine load
A general observation from the pollutants formed trends is that the initial evidence of the shipping emissions
performance, as presented in the section 2.2 of the paper is verified by the outputs of the statistical processing of
emission rates.
In particular, CO emissions are decreased with the engine load increase, presenting a minimum approximately at full
load. This pollutant behavior at lower loads can be explained by the lower combustion temperatures and the excess
air to fuel ratio, in conjunction with the reduced combustion efficiency at lower loads (Sippula 2014). As load
increases, temperature also rises and along with the improvement of burning efficiency and the reduction of air to
fuel ratio, the more complete combustion is enhanced (Miller 2012).
HC emissions present a similar behavior with CO, with only difference that at full load a slight increase in emissions
is observed. This trend can be explained by the existence of higher engine speeds at full load, where the combustion
time is shortened, leading to more incomplete combustion and therefore additional HC quantities escape without
being burned (Yang 2019).
SFOC, which depends on the efficiency of marine engines, shows to be increased at low loads, afterwards is reduced
with load increase, presenting a minimum at around 75% and again increases at full load conditions. This behavior is
an optimization and tuning option in marine engine at the 75% load, in which vessels spend most of their operating
time cruising (Yang 2019), (Comer 2017).
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For NOX the trend shows that emissions are decreased with the engine load increase, as this approaches 50%. For
higher than 50%, a constant trend against engine load is revealed. At lower loads NOX emissions present a peak
because of the leaner air fuel mixture (Kalender 2017) and the lower efficiency at this engine operating area (Gysel
2017). Nevertheless, at higher loads (above 50%) the statistical processing verifies the contrasting findings already
recognized in the literature review section. There is a respective number of emission rates either above or below
the formed steady line above 50%. This behavior indicates that NOX emissions may be influenced by parameters that
counteract each other, as previously stated in the review section. The NOX increase effect due to the temperature
rise at high loads may in some cases overlaps the influence of NOX decrease because of the enrichment of the fuel
mix at high loads, while in other cases the reduction of the air to fuel ratio seems to overcome the effect of
temperature. This finding leads to the consideration that parameters as the engine age, technology and maintenance
further play a vital role in NOX performance (Fridell 2008),(Sanaz 2018). Therefore, an additional analysis has been
conducted to investigate the influence of Tier standard regulations on NOX production. Emissions are separated to
three categories, according to the two Tier classes I, II and to engines built before the application of Tier regulation
(referred as Tier 0 - constructed before 2000). This classification is considered convenient to reflect the effect of
age and technology evolution in engine manufacturing, parameters that can work as drivers of marine engines NOX
performance differentiation. The formed trends for all three types of engines are presented in Figure 4-3.

Figure 4-3: NOX engine load trend of normalized emission rates for three engine technology Tier standards
The comparison of the formed trends over the emission rates for the three engine technology levels (Tiers 0, I, II)
verifies the hypothesis that newer engines present a different NOX behavior at higher loads compared to the older
ones. In particular, for Tiers 0 and I emissions are increased at higher engine loads, while in newer the load rise is
accompanied with a reduction of emissions. The contradictory findings of literature therefore seem to be dependent
on the engine type technology, while further investigation should be made in order to understand the actual
mechanism that leads to the different performance, a fact which is out of the scope of the present report.
The CO2 dependence with the engine load is identical with the one of the SFOC and the detailed functional
expression is provided in ANNEX.
The dependance of SO2 from the engine load is related to the respective dependencies of fuel consumption and
sulphur conversion rate for the formation of SO4. More specifically, the conversion rate to SO4 in relation with the
engine load is provided in Figure 4-4. The referred SOΧ represent the total sulphur emissions. The conversion rate
shows the amount of SO4 emissions in total SOX quantities. As evident the remaining part of sulphur found in fuel is
converted to SO2.
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Figure 4-4: SO4 conversion ratio in relation with the engine load
The expression of the conversion rate in relation with the engine load shows that at lower load fewer SO4 is
produced, while as the engine load increases the percentage of SO4 in the total emitted SOX emissions is increased.
The overall contribution of SO4 to total SOX is between 2-5%, depending on the engine operating condition. The
SO2 dependence from the engine load is actually a combination of the dependences of the conversion rate and the
SFOC. This relationship varies with the fuel type (residual or distillate) as a result of different fuel properties. The
formed trend is depicted in panels of Figure 4-5, where the SO2 and SO4 load dependent functions have been
calculated for these two main fuel categories, based on the SFOC, the % FSC and the SO4 conversion rate.

Figure 4-5: Calculated SO2 & SO4 load dependent functions for residual (left) and distillate (right) fuels
In particular, for the distillate fuel where the FSC is significant low, the formed SO2 trend follows approximately the
one of the SFOC. However, with the residual fuel use, the SO2 dependance on the engine load is influenced by the
higher presence of SO4, which leads to a different trend at higher loads where more SO4 is produced. SO4 load
dependency, also displayed in Figure 4-5, as expected follows the convention rate trend in combination with the
SFOC. The identification of the conversion rate dependance with the engine load is not only important for the
estimation of SO2 in the emitted gaseous pollutant mix, but also for the quantification of hydrated sulphates which
are substance of PM.
PM, apart from hydrated sulphates, is also constituted by OC, EC and Ash. Already the SO4 dependency has
presented in Figure 4-5, while the respective correlations of EC and OC are provided in Figure 4-6.
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Figure 4-6: OC & EC engine load dependencies
The performance of OC and EC with the engine load is quite similar, presenting a gradual improvement of these
emissions with the load increase. Thus, OC and EC are minimized at full load because of the more complete
combustion conditions at this load range. For the remaining component of PM, ash is based on the fuel ash content
and SFOC. Specifically, the fuel ash content, which is a fuel property, presents a linear trend with the FSC, based on
literature findings’ processing (Figure 4-7). Ash in total PM is a small fraction and we only intend to make an estimation
of Ash in relation with the FSC, neglecting that there is a spread of ash content in various FSC values.

Figure 4-7: Ash content (%) in relation with the FSC
The total particle mass as already stated is calculated as the sum of species; hydrated sulphates (water and SO4), OM,
EC and ash, at a specific engine load. Therefore, the dependency of the pollutant with the engine load is a combination
of the partial dependencies of each substance (Figure 4-8 for residual and distillate).

Figure 4-8: PM load dependance for residual and distillate fuel types
The overall calculation for two fuel types reveals that for distillate fuel, PM is reduced with the increase of engine
load due to the major contribution of the OC in the PM, while the dominant presence of hydrated sulphates at the
residual fuel use leads to higher emissions at higher engine loads.
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Particle emissions are also characterized by their number. The dependency of the number with the engine load as
regards the total and the non-volatile part of particles is displayed in Figure 4-9.

Figure 4-9: PN (total & solid) performance in relation with the engine load
PN is reduced at full load due to the complete combustion conditions that are being formed, while the increase of
PN at low loads may be attributed to lower temperature conditions at this load area.
4.4.2.2

LNG fuel

For NOX and CO, the dependence with the engine load is provided in Figure 4-10. The emission rates used have
been derived from measurements on a Lean Burn dual fuel marine engine that burns LNG. MGO was used as a pilot
fuel injected for the ignition of LNG. The pilot fuels accounts approximately 1-5% of the total fuel mix, with higher
proportion at lower loads.

Figure 4-10: Engine load formed trend of NOX and CO, for LNG use
As observed from Figure 4-10, CO is decreased with the load increase, while NOx presents a minimum at the areas
of 60% load, with increased rates at the low and high load areas. Comparing these trends with the respective of
Diesel, the trends seem to be quite similar. Nevertheless, the limited number of LNG available points, the use of
measurements from one engine type, as well as the NOX performance particularity, already explained in Section
4.4.1.2, do not allow the extraction of secure conclusions. It is noted that our level of confidence is low for these
trends considering that the number of available measurements is very limited.
Concerning HC, the available sources allow the comparison of the LNG performance of different engine types.
Therefore, the available sources correspond to measurements on both lean burn DF and low-pressure DF engines.
The normalization was performed for 40% and 50% respectively and the load dependent formed trend is provided
in Figure 4-11.
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Figure 4-11: Engine load formed trend for HC for LNG use in Lean burn DF (left) and Low-pressure DF (right)
Results in Figure 4-11 show a similar trend with the Diesel engines, where emissions are enough high at lower loads
and decreased with the load increase. Also, similar to NOX, the limited number of available sources cannot provide
solid conclusion.
For CO2 the load trend is considered similar to the one of SFOC Diesel engines, already provided in Figure 4-2. As
already mentioned, LNG combustion does not produce SOX emissions, however SO2 emissions produced related
to the pilot fuel.
Concerning PM emissions, the identified measurements were conducted on a Lean Burn engine. The normalization
process was made on 40% of engine load. Figure 4-12 presents the formed trend applied to the few available rates.

Figure 4-12: Engine load formed trend for PM for LNG use in Lean burn DF
Results show that on engine lower than 40% a decreasing trend is observed, while on higher loads no emission rates
differentiation with the engine load exists (rates at higher loads are at the same level with the rate at 40%).
As already explained in 4.4.2.1, it is considered that for PN there is no actual differentiation of the emissions with
the engine load. Therefore, no load dependance formed trends are given.
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5 Operating Mode analysis
5.1

Methodology

Papers found in literature, reporting emission rates in relation with the operation mode (cruising, maneuvering, at
berth), were analyzed in order for modal EFs to be produced. The methodology for developing modal EFs is based
on averaging the emission rates that are reported, in literature sources, in relation with an activity mode. Therefore,
keeping the same parameters of EFs differentiation (engine type, fuel) per pollutant, as these have already defined in
the load dependent analysis, all the correlated with the same mode emission rates are averaged. In addition, the
standard deviation of the sample is calculated. The calculated values (average speed, standard deviation) along with
the number of emission rates that correspond to each calculated modal EF are provided in figures where the results
are being presented. In contrast with the engine load analysis, in the operating mode, where the activity profile is
incorporated to the developed modal EFs, a distinction between main and auxiliary engines is necessary. Therefore,
for main engines two different EFs are being developed, while for the auxiliary engines one EF is given as it is
considered that their operation once they are activated remains constant.

5.2

Activity modes

The activity modes, as already presented in Section 2.3, that mainly characterize the operation of ships are the
following:
 Cruising
 Maneuvering
 At berth-hoteling-anchoring
In the context of the present deliverable the emission rates at maneuvering and at berth are combined. This is mainly
related to the fact that these modes represent close to port and in-port activities respectively and therefore are
distinguished from the cruising that represents a phase of trip at open sea. Secondly, during the hoteling phase the
majority of vessel types operate only auxiliary engines for covering the vessel energy needs. In addition, major
shipping emission inventories such as EMEP/EEA, ENTEC etc. characterize maneuvering and at berth modes with a
single EF. The EFs that are provided in this section represent average trip phases. The main distinction of EFs is
related to the type of fuel used as well as the engine type. The type of ship was not taken into account despite the
fact that the operating modes may present different characteristics on the basis of the ship type. Details on the
conditions met within each activity mode are provided in the chapter of activity data.

5.3
5.3.1

Modal EFs
Diesel

For gaseous pollutants (NOX, CO, HC) as well as for CO2, the outputs of the statistical processing of the emission
rates, allocated to the two main operating modes is provided in Figure 5-1. Additionally, Figure 5-1 presents the
breakdown per engine type (SSD, MSD, HSD) for each pollutant.

Figure 5-1: Main engine gaseous pollutants (NOX, HC, CO) & CO2 modal EFs per engine type (SSD, MSD, HSD)
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Concerning NOX emissions, the absolute identified values show that SSD present higher emissions than MSD and
HSD, in cruising. In maneuvering/at berth all engine types present the same emission level. In general, the cruising
mode is characterized by higher emissions than the maneuvering. This finding is maybe attributed to the higher
temperatures that occur while ship sails at higher speeds which results on the production of higher NOX emissions
for some engine types as indicated in Figure 4-3. Another possible explanation is related to engine Tier standards (0,
I, II), where the older engines (Tier 0, I) present increased emission rates at higher loads, while for newer engines
(Tier II) decreased emission rates for engine loads higher than 50% are observed. CO & HC emissions, in contrast
to NOX, are higher in maneuvering/at berth than cruising. The transient operation during maneuvering acts in favor
of the production of these types of pollutants, as incomplete combustion conditions are formed, especially in
acceleration peaks. In cruising the higher temperatures lead to the reduction of these pollutants production. As
regards the absolute observed values per engine type no secure conclusions can be extracted as the sample is
dominated by SSD engines. Only for CO in cruising mode the sample of MSD is comparable with the SSD. Average
values on the same sample show that SSD produce slightly more CO than MSD. Nevertheless, the standard deviation
(presented with error bars in the graph) is greater for the emission rates of SSD, indicating that this finding is under
consideration. As already revealed through the engine load analysis where the sample was significantly more
homogenously allocated larger engines produced less CO and HC emissions compared to the smaller and faster
MSD and HSD.
CO2 is higher in cruising than maneuvering/at berth. Ship engines present a minimum of SFOC at higher loads (around
75%), a load on which ships are mainly being operated during the steady-state condition of cruising. In absolute
values, during cruising ship engine types present almost the same level, while in maneuvering/at berth larger engines
present slightly higher emissions. For HSD, emission rate seems to be higher than SSD and MSD however, no secure
conclusions can be extracted as only one measurement was available.
For PM and PN the results of the analysis are provided in Figure 5-2. For PM and PN a main factor of differentiation
is the type of the fuel used and therefore modal EFs are provided for the residual and the distillate fuel.

Figure 5-2: PM and PN modal EFs per fuel type (residual & distillate) for main engines
Results verify that the residual fuel which content in sulphur is significantly higher than distillate, results to higher
particle mass and number formation. Figure 5-2 also shows that maneuvering/at berth operation leads to higher
quantities of PM and PN compared to cruising. This is attributed to the fact that during maneuvering the incomplete
combustion conditions, because of the transient operation, lead to the formation of PM.
In the operating mode analysis, a distinction between the main and the auxiliary engines is made. For main engines
the modal emission factors represent a sequence of operating points including the transition from one point to
another, which correspond to the real operation activity of ships. In contrast, for auxiliary engines the number of
operating points is limited and constant, since they operate steady state. Therefore, the different activity profile of
main and auxiliary engines leads to the development of different EFs to describe the different engine utility.
As presented in Figure 5-3, the breakdown on auxiliary engines is made on the basis of the engine type, in contrast
to main engine that has been proceeded in relation to cruising and maneuvering. At this point we are not capable of
providing this type of breakdown due to the lack of available data. Nevertheless, because of the accurate enough
assumption of the steady state operation of auxiliary engines, it is considered that a provision of unique values, only
distinguished by the engine type, is representative of the real-world operation. However, according to the ship type
the operation of auxiliary engines may differ in the various trip phases. For example, some types of ships do not
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require auxiliary engine operation during cruising, while others may have increased energy demand (cruise ships) and
need to operate auxiliary engines to cover extra energy needs. The lack of available literature sources does not allow
us to provide EFs with this level of detail. Therefore, the provided EFs represent an average ship activity profile.

Figure 5-3: Auxiliary engine gaseous pollutants (NOX, HC, CO), CO2 modal EFs per engine type (SSD, MSD, HSD)
Results show that NOX emissions are higher of MSD than HSD. In contrast CO and HC are higher in HSD than
MSD. Results are similar to those of the load analysis verifying the observed trend. Comparing the absolute emission
level, general NOX emission level is between the provided EFs for cruising and maneuvering/at berth with the closest
proximity to the second as expected. For CO and HC, the absolute values are between cruising and maneuvering/at
berth but more closely to cruising. This is attributed to the fact that the maneuvering is affected mainly by the
transient operation, while the cruising is more steady states as it is also the operation of auxiliary engines.
HSD emit more CO2 than MSD, which is also verified by the results of the load analysis. As regards their absolute
emission level, compared to the respective of main engines during the two main operating modes, this appears to be
higher than the two modes, mainly attributed to the fact that they operate at lower engine loads, which present
higher SFOC.
The results of auxiliary engines regarding their PM emissions are provided in Figure 5-4. Here the factor of emissions’
differentiation, in line with main engines, is the fuel that is being used.

Figure 5-4: Auxiliary engine PM modal EFs per fuel type (residual & distillate)
Results show that PM emissions are higher, as expected, for residual fuel than distillate, mainly related to the higher
sulphur content of residual. The observed high standard deviation is related to the diversity of the fuels (%FSC) used
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in various studies. As regards the absolute emission level the observed values are particularly lower than the main
engines, both for maneuvering/at berth and cruising. This is explained by the fact that auxiliary engines operate mainly
at ports where restrictions regarding the sulphur content of fuels exist.
5.2 LNG
The analysis performed for Diesel fuels was also repeated for LNG. The available modal emission rates for LNG are
drastically less than marine diesel fuels. The analysis concerns measurements on 4-stroke Lean burn dual fuel marine
main engine that burns LNG as primary fuel. The developed modal EFs for gaseous pollutants (NOX, CO, HC) and
CO2 are provided in Figure 5-5. Data for auxiliary engines were not identified in LR.

Figure 5-5: Main engine gaseous pollutants (NOX, HC, CO) & CO2 modal EFs for the use of LNG
Results show that for all gases EFs are higher in maneuvering/at berth than cruising. This is explained by the load
dependent curves that presented in 4.4.2.2 where emissions are higher at low loads and in general are decreased
with the load increase. Especially for NOX, the curve presents a minimum at 70% engine load, which can be
considered a load in which the ship operates while cruising.
In addition to gaseous pollutants, main engine modal EFs for PM were also developed. The processing results are
provided in Figure 5-6 and results indicate that during cruising emissions are drastically lower than maneuvering/at
berth. This finding is in-line with the outputs of the load dependent analysis, where PM are decreased with the engine
load increase.

Figure 5-6: Main engine PM modal EFs for the use of LNG
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6 Comparison of modal with engine load EFs
The previous chapters provided EFs in relation to the two main expressions, the load-dependent and the modal EFs.
As already stated, modal EFs constitute a more aggregated expression of the emission performance of ships as the
ship activity profile is included within each mode. The dependence of various substances with the engine load is on
the other hand the analytic basis of the calculation of EFs, as the formed trends in relation with the engine load
reveals the behavior of various pollutants at specific operating conditions. As already mentioned, the expression of
EFs in relation with the engine load provides a detailed bottom-up method to explain the variance of emissions.
Nevertheless, the emission measurements at specific operating points are a steady state process and the emission
rates that occur through these measurements are static and without including any transient operation. As it is known,
specific emissions as the CO occur at specific accelerations peaks which are met during the transient operation. The
transient operations can be better captured in cases where EFs are given in relation with the operation mode
(maneuvering - at berth/cruising). These modes include a sequence of operating points, as well as the transition from
one point to another. Therefore, a major discussion point is on what extend deviations from reality may occur as
someone is trying to translate the outputs of the engine load dependance to specific operating modes.

6.1

Engine load dependent EFs in comparison with operating mode EFs

In literature various sources that express NOX emissions in relation with the operation mode, indicate that during
the cruising mode NOX EFs are higher compared to the phases of maneuvering and hoteling, (Peng 2016),(Fu
2013),(Wang 2019),(Liu 2018),(Winnes 2010). All these indications regarding the operating modes are found in
several literature sources where real-world measurements have been performed and EFs per mode have been
developed. These described emission performance per mode seem to be partially changed in newer ship engines,
where the NOX emissions during cruising approach the values of maneuvering and hoteling, as a result of NOX
optimization performance of diesel engines in order to comply to the established newer stricter limits. In contrast,
if engine load dependent factors are used to describe NOX emissions during operating modes and making the
assumption that cruising may corresponds approximately to loads higher than 30% and maneuvering-hoteling at loads
lower than 30%, then NOX emission that would occur would be higher in maneuvering/hoteling rather than cruising.
This is displayed in Figure 6-1, where an estimation of NOX EFs for engine loads higher and lower 30% is compared
with literature findings of reported EFs per operating mode that have been processed. We chose the 30% engine
load as a distinction between cruising and maneuvering/at berth, while the reason this selection is revealed in next
chapter where activity data of ships are examined.

Figure 6-1: Engine load EFs in comparison with operating mode EFs, for NOX
This difference between the two methods is partially attributed to the transient operation that is included in the
operating mode method and is excluded in the steady state engine load dependency emissions expression. In addition,
for NOX an effect of the engine age and technological advancements that need to comply with regulation complicates
the extraction of safe conclusions, as previously discussed in Figure 4-2 and 4-3. A further breakdown per engine
Tier standard type is provided in Figure 6-2.
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Figure 6-2: Engine load in comparison with operating mode EFs for various Tier classes
As regards other pollutants emissions such as PM, CO and HC, in contrast to NOX, are higher in maneuvering mode
than cruising, because of incomplete combustion, as the engine speed during this mode is variable and therefore
incomplete combustion conditions are observed (Peng 2016),(Fu 2013). This trend is in line with the engine load
analysis outputs. Results of the analysis performed are depicted in Figure 6-3.

Figure 6-3: Engine load EFs in comparison with operating mode EFs for gaseous pollutants, CO2 & PM
The comparison of engine load and operating mode analysis reveals that on cruising the two methods lead to similar
outputs but in maneuvering a major deviation is observed. This deviation can be partially explained by the transient
operation as well as on the activity data behind each mode.
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All the above findings indicate that activity based EFs expressed as a function of the operating mode are important
in an overall effort to produce reliable emission inventories for shipping. They combine the dependence of EFs from
the engine load, with the transition from one point to another, as this is performed within each mode. Nevertheless,
a drawback of the use of operating modes, in the form that these are reported in literature, is that the same mode
may be referred to different real-world conditions from study to study. For example, maneuvering reported in
various studies may correspond to substantially different conditions in terms of the sequence of the achieved
operating points, which may also be affected by the vessel type.
The latter indicates the need of studying and updating the knowledge regarding the real-world activity profile of
ships, which among others may explain the deviation between modal and load dependent factors.
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7 Update of ship activity profiles
The absolute emitted quantities of the sector seem not to be equally allocated to the major ship classes (containers,
dry and liquid bulk carriers, cruise ships, ro-ro ships etc.), even though the engine technologies that are being used
in these classes are approximately the same (slow speed, medium speed, high speed diesel engines). A factor of
differentiation among the ship types is the activity profile. Depending on the ship type, engines (main and auxiliary)
present different power needs and therefore are being operated at different load points which among others are
related with the sailing profile (cruising, maneuvering, hoteling).
These activity data can be used as input in the developed EFs of the previous sections in order to estimate the
absolute emitted quantities of pollutants per ship type. Activity data concern the average operating load points per
ship class for main and auxiliary engines during the operating modes (cruising, maneuvering, hoteling), the average
installed power for main and auxiliary engines, the percentage of operating time that each vessel category spends in
an operating mode, the penetration of each engine type and emission standard (Tier) within each vessel category,
the fuel used per vessel category and the total operating hours per ship class. The sources that have been used in
order to estimate the activity profile of each ship type are the following: ENTEC 2002, CARB 2008, Trozzi 2016, US
EPA 2009, Merk 2014, He 2020, Comer 2017, Styhre 2019, Trozzi 2010, Jalkannen 2009 and De Meyer 2008. We
have also processed actual activity data from three real ships: a cruise ship, a ferry ship and a container. The outputs
of the accumulation of activity data are provided in Table 7-1 regarding the operating hours, the trip share and the
ME & AE installed power. Table 7-1 consists of an average of activity values that have been found in the various
inventories. We also provide in the Table 7-1 the most recent data which are reported by MRV (EU 2021) for the
year 2019 expressing the situation in EU, as well as the figures reported by the latest IMO GHG study (IMO 2020)
which correspond to the current global situation.
Table 7-1: Annual operating time, share of each operating phase in the trip, ME and AE power per ship category
MRV
2020
AE
Power
(kW)

4th
IMO
GHG
study
ME
Power
(kW)

Vessel
Type

Operating
time
(hours/year)

Trip share of cruising/
maneuvering/hoteling
(%)

Average
ME
Power
(kW)

Average
AE
Power
(kW)

MRV
2020
ME
Power
(kW)

Bulk
carrier

87.713.000

45% / 1% / 54%

7.258

1.880

9.118

397

10.416

Container

42.658.000

58% / 2% / 40%

26.603

5.860

36.622

2.158

40.495

Cruise

3.318.000

51% / 3% / 46%

39.600

11.009

39.388

882

35.990

74.085.000

37% / 3% / 60%

5.633

1.297

5.964

457

4.768

47.001.000

37% / 2% / 61%

9.092

2.024

12.933

930

10.860

General
Cargo
Oil
Tanker

From Table 7.1, it can be observed that bulk carriers and general cargo sail in total the most hours in a year compared
to the other ship categories. This is attributed mainly to their share in total fleet synthesis (28% combined). In
contrast cruise ships operate less, which is mainly related to their share in total fleet as well as the seasonality in the
provision of their services, mainly operate in summer.
The installed power depends mostly on the size of the vessel, with bigger ships to present higher installed power.
Cruise ships are characterized by the higher installed capacity both for main and auxiliary engines, because they need
to cover their increased energy needs for serving passengers accommodation (A/C), while the lowest engine capacity
is found in general cargo and bulk carrier ships. Container ships and oil tanker also present high installed power,
because they have to carry increased cargo loads. Comparing the values provided by the older inventories with the
most recent data of the MRV and the IMO study, we can observe that the order of the ship classes in terms of the
installed capacity is approximately the same among all studies, while there is a difference in the absolute provided
values per ship class. Containers and bulk carries seem to experience an approximately 1,5 times increase of their
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ME installed power mainly attributed to the recent trend of increasing ship size in order to carry higher volumes of
cargo.
A similar distinction between the older and newer inventories was made in order to present the speed of the ship
classes as well as to indicate the relative changes over the years. Table 7.2 presents the average speed, in knots, for
the major ship classes as these are provided by older inventories along with the average design speed. Additionally,
the recent average findings from MRV and IMO studies are depicted in a separate column. For the cruise ships and
the container, we also provide actual data from three real ships as an indication on where actual data stand between
inventories. Average speeds in the newer inventories have been calculated as the average of the different sizes.
Average speeds of actual data include only the cruising phase, between COSP and EOSP.
Table 7-2: Average speed for major ship classes as provided by older and recent inventories and actual data for three
ship types

Vessel Type

Average design
speed-old
inventories (knots)

Average speed
-old inventories
(knots)

IMO & MRV
newer studies
(knots)

Average speed
from actual data
(knots)

Bulk carrier

14,4

13,9

11,0

-

Container

22,0

19,0

14,5

17,6

Cruise

20,0

18,9

11,4

16,9 / 15,9

General
Cargo

14,0

12,4

10,7

-

Oil Tanker

14,5

13,8

10,6

-

Containers and cruise ships seem to sail faster mainly because of their fixed time-scheduling in their operation while
the other ship categories present a similar average sailing speed at around 14 knots. Cruise and container ships have
higher designed speed, due to their higher installed capacity of the ME. Comparing the older speed values with the
most recent, it seems that ship during the previous years exhibited greater speeds, while now slow steaming is widely
applied resulting in lower speeds
Concerning ships engine activity profile, the average operating load points per operating phase (cruising, maneuvering,
hoteling) for main engines are presented in Table 7-2. Table 7-2 shows that for the main engine the operating loads
for all the three phases are almost the same for the different ship types.
Table 7-2: ME load per each operating phase for the main ship categories, as provided by older and recent
inventory and actual data for two ship types
IMO 4th
Old inventories
Actual data
GHG study
Vessel Type
ME
ME
ME
ME
ME
ME
ME
Cruising
Maneuveri Hoteling
Cruising
Cruisin Maneuverin Hotelin
(%)
ng (%)
(%)
(%)
g (%)
g (%)
g (%)
Bulk carrier

80,0%

20,0%

20,0%/0%

54,8%

-

-

-

Container

80,0%

20,0%

20,0%/0%

43,1%

38,4%

7,35%

0,00%

Cruise

80,0%

20,0%

20,0%/0%

-

61,1%

21,2%

0,00%

General
Cargo

80,0%

20,0%

20,0%/0%

-

-

-

-

Oil Tanker

80,0%

20,0%

20,0%/0%

49,6%

-

-

-

In particular, for the older inventories, the operating load for cruising of all ship types is around 80% where the most
efficient operating is achieved. In maneuvering the observed operating point is on average 20%. As it is observed
from the reported data of the recent IMO study and the actual ship data that we have processed, the decreasing
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main engine load when cruising, is related to slow steaming, which applied in order to reduce operational expenses
(cost of fuel). IMO’s reported average ME load during cruising is similar with actual data, indicating the above
identified trend for lower ME load during cruising. ME of actual data on maneuvering is lower than in the reported
values of older inventories. In particular, ME load of a departing ship is higher than when arriving and preparing for
docking. In parallel, the speed is also lower. Maneuvering also includes the assistance of tugboats and the phase of
mooring procedure when the vessel is pushed to dock without moving ahead. In hoteling mode, according to older
inventories, all ship types keep their ME running for a small time period (5% of hoteling time), oil tankers run their
ME for the whole hoteling period, to cover most of the energy needs during this phase.
Auxiliary engines, as it was expected, mostly operate during maneuvering and hoteling with observed differences per
ship type in the operating load points. In Table 7-4, the operated load points of AE are provided. Also, here a
distinction between the provided values of the older inventories and the processing of ship actual data from two
classes is performed.
Table 7-4: AE load per each operating phase for the main ship categories, as provided by older and recent
inventory and actual data for two ship types
Old inventories
Vessel Type

AE
Cruising
(%)

Actual data
AE
Maneuvering
(%)

AE
Hoteling
(%)

AE Cruising
(%)

AE
Maneuverin
g (%)

AE
Hoteling
(%)

Bulk carrier

23,8%

44,7%

22,5%

-

-

-

Container

27,7%

47,0%

32,8%

0,00%

26,3%

36,9%

Cruise

47,4%

54,9%

44,9%

25,4%

21,4%

24,3%

General Cargo

24,8%

48,0%

32,1%

-

-

-

Oil Tanker

28,0%

41,5%

46,4%

-

-

-

Older inventories for containers dictate that AE are in operation during cruising, while actual data present auxiliary
engines to be turned off during cruising. However, according to the findings of actual data, cruise ship when cruising
operates two auxiliary engines. This difference is mainly attributed to the different operational energy needs of each
vessel type. On maneuvering phase, AE are operated to cover energy needs and provide extra energy in case of
emergency. However, the actual data differentiate from the older inventories, on the fact that both ships, that actual
data have processed, operate three auxiliary engines simultaneously, on approximately 26% and 21% engine load,
respectively. On hoteling phase, containerships turn off two of the auxiliaries and remain with one in operation,
providing all the necessary energy, while on cruise ships three auxiliaries remain in operation.
Finally, we also provide the duration of each operating phase per ship category. These values have been derived by
older inventories, while a comparison with actual data is also conducted. The cruising time is voyage-based, depends
on the distance covered and the respective speed, and therefore it is not provided in Table 7-5.
Table 7-5: Operating time in maneuvering and hoteling for the main ship categories, as provided by older
inventories and actual data for two ships
Maneuvering time
Hoteling time
Maneuvering time
Hoteling time
Vessel Type
inventories (h)
inventories (h)
actual data (h)
actual data (h)
Bulk carrier

1

52

-

-

Container

1

14,1

1

16,1

0,8

14,0

0,5

8,78 / 5,81

1

39,0

-

-

Cruise
General Cargo
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Vessel Type

Maneuvering time
inventories (h)

Hoteling time
inventories (h)

Maneuvering time
actual data (h)

Oil Tanker

1,17

38,0

-

Hoteling time
actual data (h)

Maneuvering time depends on the port and channel morphology and seems not to have changed through years, with
cruise ships need less time to maneuver. A critical factor of the maneuvering phase is the tugboat assistance for the
safe ship mooring. Cruise and passenger ships usually perform the mooring process without the assistance of
tugboats, and therefore the whole maneuvering-mooring process consumes less time. Finally, it is noted that in
general more time is needed for the arrival and mooring procedure in comparison with the unberth and departure
process.
Comparing the hoteling time provided by inventories and the actual data, it appears approximately the same duration
for containers, meaning that this type of ship remains very effective and fast during its operation. Cruise ships mainly
travel at night and stay moored in the morning. Therefore, they adapt their speed accordingly. Hoteling time depends
also to the vessel category size, with bigger cargo ships expected to operate more time.
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8 Conclusions
The report provided mean emission rates and their engine load dependence for key pollutants produced by marine
Diesel and LNG engines. These values have been derived by combining information from a variety of literature
sources in a consistent way. The final values and functions produced can be used in the framework of inventorying
activities for shipping emissions if knowledge of engine type, fuel type and Tier standard are available. In particular
for PM, emission factors were expressed as composite values of individual key PM categories (elemental carbon,
organic mass, ash and sulphates) in order to retain consistency and provide values that can be proven useful to
emission and air quality modelers.
Emission rates for all pollutants were found to strongly depend on engine load with g/kWh values dropping as load
increased. Tier standard was found as the most significant variable for the estimation of NOX emissions with Tier III
values appearing at a fraction of 10% of pre-Tier level. Slow speed engines were also found to be higher emitters of
NOX than faster ones. PM, on the other hand, mostly depended on fuel use rather than on engine type or Tier
standard.
Modal EFs, which incorporate a sequence of operating points, present a similar trend with the load dependent EFs
once the two methods are compared. Differences are only found for NOx, which is probably attributed to the NOx
performance differentiation of marine engines according to their Tier technology standard.
The activity data revealed that containers and cruise ships sail faster than the other ships categories, however newer
data reveal that the overall sailing speed has been reduced in recent years because of the slow steaming application.
This is the reason for finding lower engine load operating points in major trip phases than used to be in the past. The
overall activity data can be fed to the EFs developed in order to quantify the actual emitted quantities at various
spatial and temporal scales. These activity data can be utilized to improve the estimation of the emission performance
of various ship types in in-port activities, as well as can supplement the overall emission estimation of the entire trip.
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10 ANNEX
10.1.1 Load dependent functions for Diesel fuels
Load Correction
Pollutant

NOX
(g/kWh)
NOX
(g/kWh)
CO
(g/kWh)

Equation
type*

Base EF / SFOC
SSD

Engine
load (%)

a

-4,14

c

All types

SSD

MSD

HSD

Residual

Distillate

MSD

TIER
0

TIER
I

TIER
II

TIER
III

TIE
R
0

1

< 50

4

≥ 50

2

0-100

0,507

0,981

HC
(g/kWh)

1

0-100

3,21

-5,24

SFOC
(MJ/kWh)

1

0-100

1,48

-2,22

CO2**
(g/MJ)

5

0-100

EF CO2= (SFOC x 1000 x MCO2) / (MC x LHV)

Total S***
(g/kWh)

5

0-100

EF S = (FSC x SFOC x 1000) / LHV

SO4 conversion
rate (%)

1

0-100

5

0-100

EF SO2 = (EF S - EF SO4) x MSO2 / MS

5

0-100

EF SO4 = (EF S x SO4 conversion rate) x MSO4 /MS

OC
(g/kWh)

2

0-100

0,661

0,597

-

0,232

-

-

-

0,248

0,138

-

-

EC (BC)
(g/kWh)

2

0-100

0,420

1,25

-

0,0182

-

-

-

0,0206

0,00827

-

-

Ash
(g/kWh)

5

0-100

Ash (conv. from
FSC)******
(%)

3

0-100

Hydrated PM
(g/kWh)

5

0-100

PN Total
(g/kWh)

1

0-100

2,03

-3,84

2,74

3,58E+15

-

-

-

-

-

-

-

PN Solid
(Non-Volatile)
(g/kWh)

2

0-100

0,853

0,553

-

6,33E+14

-

-

-

-

-

-

-

SO2****
(g/kWh)
SO4*****
(g/kWh)

4,14

b

HSD

TIE
R
I

TIE
R
II

TIE
R III

TIER
0

TIER
I

TIER
II

TIER III

2,03
13,2

14,4

12,4

11,7

-

-

17,7

14,4

11,3

2,00

10,8

10,5

8,28

1,02

8,53

7,41

5,95

1,25

0,898

0,714

0,974

1,10

-

-

-

-

-

-

-

-

-

-

-

-

-

-

2,82

0,440

0,358

0,405

0,662

-

-

-

-

-

-

-

-

-

-

-

-

-

-

1,74

8,83

8,48

8,42

9,74

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

1

0,814

0

0,542

3,94%

-

-

-

4,56

0,827

-

-

-

EF Ash = (Ash Cont. x SFOC x 1000) / LHV
0,0179

-

-

-

-

-

-

-

-

-

-

-

Hydrated PM = OM + EC + (SO4 +6,5H2O) + Ash
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Load Correction
Pollutant

Equation
type*

Engine
load (%)

Base EF / SFOC
SSD

a

b

c

All types

SSD

MSD

HSD

Residual

Distillate

TIER
0

TIER
I

MSD
TIER
II

TIER
III

TIE
R
0

TIE
R
I

HSD
TIE
R
II

TIE
R III

TIER
0

TIER
I

TIER
II

*Equation type: 1. polyonymic - y=ax^2+bx+c, 2. power - y=ax^(-b), 3. linear - y=ax, 4. steady - y=c, 5. specific expression provided within table
**CO2: FCC - Fuel Carbon Content, MCO2 - Molar weight of CO2, MC - Molar weight of Carbon, LHV - Lower Heating Value
***Total S: FSC - Fuel Sulphur Content
****SO2: MSO2 - Molar weight of SO2, MS - Molar weight of sulphur
*****SO4: MSO4 - Molar weight of SO4, MS - Molar weight of sulphur
******Ash (conv. from FSC): Ash content can be calculated as a function of FSC.

10.1.2 Load dependent functions for LNG
Pollutant

Equatio
n type*

Engine load
(%)

1

Load correction

Base EF / SFOC

a

b

c

0-100

6,75

-7,99

3,11

0,700

1

0-100

2,56

-4,62

2,44

3,80

1

0-100

5,63

-8,72

3,59

4,00

1

0-100

0,322

-0,689

1,26

3,30

1

0-100

1,48

-2,22

1,74

5

0-100

EF CO2= (SFOC x 1000 x MCO2) / (MC x LHV)

SO2*****
(g/kWh)

5

0-100

EF SO2 = (EF S - EF SO4) x MSO2 / MS

PM (g/kWh)

1

< 40

PM (g/kWh)

4

≥40

1

PN Total (g/kWh)

4

0-100

1

NOX
(g/kWh)
CO
(g/kWh)
HC**
(g/kWh)
HC***
(g/kWh)
SFOC
(MJ/kWh)
CO2****
(g/MJ)

50,2

-40,2

All types

SSD

8,83

MSD

8,48

8,42

HSD

LNG

9,74

9,03
0,000180

2,29E+12

PN Solid
(Non-Volatile)
4
0-100
1
(g/kWh)
*Equation type: 1. polyonymic - y=ax^2+bx+c, 2. power - y=ax^(-b), 3. linear - y=ax, 4. steady - y=c, 5. specific expression provided within table
**Lean Burn DF
***Low-pressure DF
****CO2: FCC - Fuel Carbon Content, MCO2 - Molar weight of CO2, MC - Molar weight of Carbon, LHV - Lower Heating Value
*****SO2: MSO2 - Molar weight of SO2, MS - Molar weight of sulphur. Only from pilot fuel, calculation according to diesels
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