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EXECUTIVE SUMMARY

Shipping is responsible for a range of different pressures affecting air quality, climate, and the marine
environment. Most social and economic analyses of shipping have focused on air pollution assessment
and how shipping may impact climate change and human health. This risks that policies may be biased
towards air pollution and climate change, whilst impacts on the marine environment are not as well
known. One example is the sulfur regulation introduced in January 2020, which requires shipowners to
use a compliant fuel with a sulfur content of 0.5% (0.1% in SECA regions) or use alternative compliance
options (Exhaust Gas Cleaning Systems, EGCS) that are effective in reducing sulfur oxide (SOy)
emissions to the atmosphere. The EGCS cleaning process results in large volumes of discharged water
that includes a wide range of contaminants. Although regulations target SOx removal, other pollutants
such as polycyclic aromatic hydrocarbons (PAHSs), metals and combustion particles are removed from

the exhaust to the wash water and subsequently discharged to the marine environment.

Based on dilution series of the Whole Effluent Testing (WET), the impact of the EGCS effluent on marine
invertebrate species and on phytoplankton was found to vary between taxonomic groups, and between
different stages of the invertebrate life cycle. Invertebrates were more affected than phytoplankton, and
the most sensitive endpoint detected in the present project was the fertilisation of sea urchin eggs, which
were negatively affected at a sample dilution of 1 : 1,000,000. Dilutions of 1: 100,000 were harmful to
early development of several of the tested species, including mussels, polychaetes, and crustaceans.
The observed effects at these low concentrations of EGCS effluent were reduced egg production, and
deformations and abnormal development of the larvae of the species. The ecotoxicological data
produced in the EMERGE project were used to derive Predicted No Effect Concentration values.

Corresponding modelling studies revealed that the EGCS effluent can be considered as a single entity
for 2-10 days from the time of discharge, depending on the environmental conditions like sea currents,
winds, and temperature. Area 10-30 km outside the shipping lanes will be prone to contaminant
concentrations corresponding to 1 : 1,000,000 dilution which was deemed harmful for most sensitive
endpoints of WET experiments. Studies for the Saronikos Gulf (Aegean Sea) revealed that the EGCS
effluent dilution rate exceeded the 1 : 1,000,000 ratio 70% of the time at a distance of about 10 km from
the port. This was also observed for 15% of the time within a band of 10 km wide along the shipping

lane extending 500 km away from the port of Piraeus.
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When mortality of adult specimens of one of the species (copepod Acartia tonsa) was used as an
endpoint it was found to be 3-4 orders of magnitude less sensitive to EGCS effluent than early life stage
endpoints like fertilisation of eggs and larval development. Mortality of Acartia tonsa is commonly used
in standard protocols for ecotoxicological studies, but our data hence shows that it seriously
underestimates the ecologically relevant toxicity of the effluent. The same is true for two other commonly
used and recommended endpoints, phytoplankton growth and inhibition of bioluminescence in marine

bacteria. Significant toxic effects were reached only after addition of 20-40% effluent.

A marine environmental risk assessment was performed for the Oresund region for baseline year 2018,
where Predicted Environmental Concentrations (PECs) of open loop effluent discharge water were
compared to the PNEC value. The results showed modelled concentrations of open loop effluent in large
areas to be two to three orders of magnitude higher than the derived PNEC value, yielding a Risk
Characterisation Ratio of 500-5000, which indicates significant environmental risk. Further, it should be
noted that between 2018-2022 the number of EGCS vessels more than quadrupled in the area from
178 to 781.

In this work, the EGCS discharges of the fleet in the Baltic Sea, North Sea, the English Channel, and
the Mediterranean Sea area were studied in detail. The assessments of impacts described in this
document were performed using a baseline year 2018 and future scenarios. These were made for the
year 2050, based on different projections of transport volumes, also considering the fuel efficiency
requirements and ship size developments. From the eight scenarios developed, two extremes were
chosen for impact studies which illustrate the differences between a very high EGCS usage and a future
without the need for EGCS while still compliant to IMO initial GHG strategy. The scenario without EGCS

leads to 50% reduction of GHG emissions using low sulfur fuels, LNG, and methanol.

For the high EGCS adoption scenario in 2050, about a third of the fleet sailing the studied sea areas
would use EGCS and effluent discharge volumes would be increased tenfold for the Baltic Sea and

hundredfold for the Mediterranean Sea when compared to 2018 baseline discharges.

Some of the tested species, mainly the copepods, have a central position in pelagic food webs as they
feed on phytoplankton and are themselves the main staple food for most fish larvae and for some
species of adult fish, e.g., herring. The direct effect of the EGSE on invertebrates will therefore have an

important indirect effect on the fish feeding on them. Effects are greatest in and near shipping lanes.

Many important shipping lanes run close to shore and archipelago areas, and this also puts the sensitive

shallow water coastal ecosystems at risk. It should be noted that no studies on sub-lethal effects of early
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life stages in fish were included in the EMERGE project, nor are there any available data on this in the
scientific literature. The direct toxic effects on fish at the expected concentrations of EGCS effluent are
therefore largely unknown. According to the regional modelling studies, some of the contaminants will

end up in sediments along the coastlines and archipelagos.

The documentation of the complex chemical composition of EGCS effluent is in sharp contrast to the
present legislation on threshold levels for content in EGCS effluent discharged from ships, which
includes but a few PAHs, pH, and turbidity. Traditional assessments of PAHs in environmental and
marine samples focus only on the U.S. Environmental Protection Agency (EPA) list of 16 priority PAHs,
which includes only parent PAHs. Considering the complex PAHs assemblages and the importance of
other related compounds, it is important to extend the EPA list to include alkyl-PAHs to obtain a
representative monitoring of EGCS effluent and to assess the impact of its discharges into the marine

environment.

An economic evaluation of the installation and operational costs of EGCS was conducted noting the

historical fuel price differences of high and low sulfur fuels. Equipment types, installation dates and

annual fuel consumption from global simulations indicated that 51% of the global EGCS fleet had already

reached break-even by the end of 2022, resul timgWiihnfiv&a s umn
years after the initial installation, more than 95% of the ships with open loop EGCS reach break-even.

The pollutant loads from shipping come both through atmospheric deposition and direct discharges.
This underlines the need of minimising the release of contaminants by using fuels which reduce the air

emissions of harmful components without creating new pollution loads through discharges.

Continued use of EGCS and high sulfur fossil fuels will delay the transition to more sustainable options.
The investments made on EGCS enable ships to continue using fossil fuels instead of transitioning away
from them as soon as possible as agreed in the 2023 Dubai Climate Change conference. Continued
carriage of residual fuels also increases the risk of dire environmental consequences whenever

accidental releases of oil to the sea occur.
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1. INTRODUCTION

This report summarises the work done in the H2020 project Evaluation, control and Mitigation of the
EnviRonmental impacts of shippinG Emissions (EMERGE) and provides information on characteristics
of EGCS effluent, toxicity, air emissions from ships using an EGCS, quantities of effluents released to
the sea, their dispersion and impacts to the marine environment. A global analysis of air emissions and
EGCS discharges were made for the period 2014-2022, but the impact assessments included in this
report have regional focus, concentrating on the Baltic Sea, North Sea, and the Mediterranean Sea

areas.

There are different pathways and multiple stressors which contribute to the overall environmental
performance of shipping (Figure 1). Direct discharges come from a variety of sources, and they may
contain oil, metals, pharmaceuticals, and hazardous substances. Releases from EGCS, bilge water,
propeller shaft lubricants, tank cleaning, greywater, sewage, cooling water and antifouling paints may
include various contaminants. Further, nutrients released in sewage, greywater and food waste
contribute to eutrophication. In addition to direct discharges, indirect contributions come through the
atmospheric deposition of nitrogen oxides (NO,), sulfur oxides (SOyx) and particulate matter (PM)
components, like various carbon compounds and heavy metals in ash fraction of PM. Concentrations of
direct discharges are highest around busy shipping lanes, which may run close to the coast and
ecologically vulnerable shallow water areas, but atmospheric deposition can cover large geographical

areas either on land or on water.
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Figure 1 Emissions from shipping to the atmosphere and direct discharges and pressures on the marine environment.

Shipping also affects air quality and human health through emissions of PM, non-methane volatile
organic compounds (NMVOC), NOx and SOy. Emissions to air of black carbon and greenhouse gases
such as carbon dioxide (COy), nitrous oxide (N2O) and methane (CH,) are also important because of
their climate impact. While scientific understanding of consequences of air pollution and climate change
related to shipping have increased substantially in recent years, the knowledge base is not the same for
the pressure and impacts on the marine environment and the interaction between the different

contributions.

For some contaminants present in EGCS effluent there are available threshold levels that must not be
exceeded in marine environments, e.g., the environmental quality standards (EQS) of the EU Water
Framework Directive (2008/105/EC) for coastal water bodies, or thresholds (often the same EQS) set
within Descriptor 8 of the EU Marine Strategy Framework Directive (DIR 2008/56/EC) for coastal,
territorial water and open sea. Assessments of the effect of EGCS effluent once it is released to the sea
are still rare, but when they have been done, they have often been based on concentrations of individual
compounds and comparisons to these threshold levels. These comparisons are helpful when toxicity

data based on the whole water is limited or missing. However, it is important to keep in mind that this
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approach will only consider the substances that were part of the chemical analyses, while many
potentially toxic compounds that are present but not analysed, will be neglected. Basing the risk
assessment on threshold levels for individual compounds will also miss the effect the contaminants have
when acting together in a mixture, as would be the case when EGCS effluent is discharged into the sea.
It is a well-documented fact that the effect on living organisms from exposure to mixtures of many
contaminating compounds can be very different from the mere sum of the effect of individual compounds
(Backhaus et al. 2008). Whole effluent toxicity data on EGCS effluent discharge from ships is much
needed to make sound assessments of the possible adverse effects the discharged water may have on

marine ecosystems.

There is an extensive scientific literature on most of the individual groups of contaminants present in
EGCS effluents which are the PAHs and other polycyclic aromatic compounds (PACs) and metals.
However, scientific data on effects of the unique mix of these compounds found in the effluent are still
rare. The impact on the last juvenile stage of the pelagic copepods Calanus finmarchicus was
investigated by Thor et al. (2021), and open loop EGCS effluent at a concentration of 1% (the lowest
test concentration) was found to cause a significant increase in mortality. A significant increase in
mortality in adult specimens of another copepod species, Acartia tonsa, were detected at 10% (Koski et
al. 2017). Increased mortality was found for 6 days old individuals of the crustacean Mysidopsis bahia
and for juveniles of the fish species Mugilogobius chulae, after exposure to EGCS effluent at
concentrations of 1.25, and 2.5%, respectively (Ji et al. 2023). Data from a few studies indicate that taxa
belonging to the large and highly heterogeneous group of microplankton are less sensitive than
invertebrates to the effluent. This is also supported by available literature on the effects of PAHs and
other oil related compounds on these organisms. An experimental study showed that a concentration of
517 8% EGCS effluent affected the photosynthesis of the cyanobacteria Nodularia spumigena and the
diatom Melosira arctica, where the former was inhibited, and the latter was stimulated (Ytreberg et al.
2019). A field collected community of microorganisms was found to have an altered species composition

and to increase in biovolume after exposure to 3% effluent (Ytreberg et al. 2021).

Assessment of marine environmental impacts are based on data from experimental studies for
ecotoxicological effects which were conducted within the project. Baseline year of 2018 was selected
considering the best compromise for the availability of weather, oceanographic, air emission and water
discharge data. In addition, eight future emissions and discharge scenarios were constructed to reflect

potential developments of the global ship fleet, and three of these were selected for impact
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assessments. The scenarios for which impact assessments were made, represent extreme cases of
very high EGCS adoption, both for open and closed loop systems, as well as the situation where EGCSs
are unnecessary. These selections provide guidance on the magnitude of the consequences if EGCS
usage is significantly increased. It should be noted that the selection of 2018 as the baseline year reflects
the situation before the significant adoption of EGCS in the global ship fleet which happened in 2019-
2021 when shipowners adjusted their compliance strategy for the global 0.5% Sulfur cap in 2020.

2. Materials and methods

2.1. Onboard sampling or air emissions and discharges

EGCSs primarily work to abate air emissions of SO, and secondly to reduce emissions of PM. However,
the legislation limits the fuel sulfur content (FSC) to 0.5% at global scale and 0.1% at specific regions,
called emission control areas (ECAs). The legislative authority approves the utilisation of emission
control systems, to cut SO, emissions, to comply with the mandatory respective FSC, as FSC
equivalence. The compliance with the current regulation is demonstrated, calculating the SO
(ppm)/CO:2 (%) ratio, as described by the MEPC, 2015. The above ratio must be below the values of
21.7 and 4.3, when the ship is sailing worldwide and at ECA areas, respectively. Moreover, each country
can enforce its own supplementary regulation in relation to the EGCS operation on their territories.
Specifically, in various ports worldwide (e.g., Portugal, Singapore, Saudi-Arabia, Romania, and others)
open-loop EGCS are not allowed to operate to avoid wash water discharging, while in others there is

not such a restriction (e.g., Port of Piraeus in Greece).

In EMERGE, detailed emissions characterization was made, for a vessel equipped with an EGCS, and
which covered both the air emissions and EGCS discharges. The selected vessel had a 2-stroke engine
and was equipped with an open loop EGCS. The objective of this study was to perform an on-board
sampling of effluent discharge, to assess the release of contaminants to the marine environment, and
to evaluate the closure of the mass balance between air emissions and water discharges downstream

of the SO, abatement system.

Other information from ships equipped with EGCS was also gathered and analysed. The overall

processing led to identification of a typical EGCS operation, as presented on Figure 2 for an assumed
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trip from the North Sea to the Mediterranean Sea. EGCS operation profile is not influenced by the ship
type (containers, tankers, bulk carriers, etc), but from the engine operation and the fuel sulfur regulation
that a ship must comply with, according to the area of sailing. In Figure 2, the indicative ship commences
its route from the port of Southampton, United Kingdom towards the Sea of Marmara. The voyage
includes sailing through an ECA region (North Sea), crossing the Mediterranean Sea and finally cruising
to the Turkish territory to meet the destination port. The ship needs to comply with both the global 0.5%
FSC cap, as well as the stricter 0.1% FSC in ECA. Furthermore, the Turkish Ministry of Environment
and Urbanization prohibits the EGCS effluent discharge from open-loop EGCS into its waters. This
means that ships passing through Turkish waters must switch from open-loop EGCS operation to sulfur-

compliant fuels.

Figure 2. Vessel state during the onboard sampling campaign during 16th-24th November 2021. Top left (a) depicts the
EGCS usage during the voyage, top right (b) indicates the main engine load, bottom left (c) reports the EGCS effluent
discharge and bottom right (d) describes the different regulatory domains.

In Figure 2(a), the EGCS operation (On/Off) is presented, from where it is observed that the system was
switched on while the ship is still berthed alongside the port of Southampton. After approximately 24
hours the ship exits the limits of the ECA and therefore, the ship needs to comply with the 21.7, SO,/CO;

ratio. The route of the ship in respect to local sulfur legislation is depicted in Figure 2(d).

As observed from Figure 2(b) the ship ME is assumed to be working continuously at a stable medium

load throughout most of the voyage time. The engine load increases to 33%, after exiting the port of
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Southampton and further increases to 38-40% when leaving the North Sea ECA. The ME load
decreased to 28-30%, when the ship approached Peloponnesos, Greece. During the final stage of
voyage and inside Turkish waters, the ship was slow steaming (reduced speed) at around 10% engine

load, to arrive at the destination port at a certain time to minimise anchoring time (idle time).

To evaluate the closure of the mass balance between air emissions and water discharges downstream
the EGCS, exhaust emissions downstream and upstream the system were analysed along with the
effluent and the fuels. To assess an alternative to HFO plus EGCS operation, emissions during operation
with ultra-low sulfur fuel oil (ULSFO) with EGCS deactivated were also analysed during the campaign.

Figure 3 depicts the sampling and vessel operation during the campaign.
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Figure 3. Map designating water, gaseous and particle sampling.

For exhaust characterisation a battery of online instruments for characterisation of gas composition and
PM and its physical properties were completed with collection of pumped samples for off-line laboratory

analyses. List of instruments used can be found in the Appendix (Table A- 1).

In parallel, samples of the EGCS inlet water and of the effluent were collected for laboratory analyses

for PACs/PAHs and metals, for ecotoxicological tests and filtered samples of water borne particles were
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collected for Transfer Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) analyses.

Figure 4 shows the sampling along the sailing route.

To get a complete picture of fluxes of elements and metals in the combustion system of the vessel,
samples of the fuels and engine lubricants were collected and analysed for content of heat, main
elements (C, H, O, S, N), metals and PACs.
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Figure 4. Engine load and sampling points along the sailing route of the campaign plotted on timeline between 16th-24th of
November 2021. All times are in UTC. Abbreviations for the sampling locations: DS - Downstream EGCS, US - upstream
EGCS, DSda . Downstream deactivated EGCS, NS - North Sea, WA - West-European Atlantic Coast, WMed - Western
Mediterranean Sea, EM East Mediterranean Sea, MmS - Marmar Sea

2.2. \Water sample analysis

The amount of hazardous particles and compounds deposited in the sea with the EGCS effluent

depends on the chemical content and volumes of the discharged water. Collection of data and
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calculations of emission factors from open- and closed loop EGCSs have been done within the
EMERGE project but there is still limited data on the quantities of contaminants from EGCS effluents
reaching different sea areas (Ytreberg et al., 2021). The input of polycyclic aromatic hydrocarbons
(PAHSs, an important group of oil derived pollutants), from shipping to the Baltic Sea has been estimated
to derive almost entirely, 98%, from EGCS effluents (Ytreberg et al., 2022), however, data on the
contribution of PAHs from shipping relative to other sources, e.g., riverine input and point sources from
industrial and urban activities, in the Baltic Sea is still uncertain and suggested to be between 0.4 and
8.9%. It is also important to point out that up to date, chemical analysis on oil related compounds in
EGCS effluent has mainly been restricted to include the United State Environmental Protection Agency
(US EPA) 16 PAHSs, whereas the true content of these compounds in water from scrubbing HFO
combustion fuels most likely includes hundreds of aliphatic compounds, monoaromatics and PACs such
as non-substituted-, alkylated- heterocyclic-and other PAHs (Zhao et al., 2020; and recent data from
EMERGE project). The documentation of the complex chemical composition of EGCS effluent is in sharp
contrast to the present legislation on threshold levels for content in EGCS effluents discharged from
ships, which includes but a few PAHs, pH, and turbidity.

PAHs and alkylated PAHs collectively termed PACs (polycyclic aromatic compounds) are toxic
components of petroleum ail, coal, derived products and produced water. They are also released during
combustion of petroleum products and are therefore ubiquitous in the environment. The heavier PACs
(three-ringed and larger) have low water solubility and high hydrophobicity and are therefore mostly
adsorbed onto particulate matter, which are subsequently deposited as sediments (Geffard et al., 2003).
These substances are usually present as complex mixtures of hundreds or even thousands of related
compounds spanning a wide range of physical/chemical properties and toxicity to aquatic organisms.
Petrogenic and pyrogenic processes produce different PAHs and alkyl-PAHs assemblages, with
different proportions of parent and their alkylated derivatives (Stout et al., 2015). As a rule of thumb, in
the case of petrogenic sources, alkyl-PAHs are more abundant than the parent compounds (mainly 2-3
fused aromatic rings) and among homologues those with two to four alkyl carbons are more abundant
(Stout et al., 2001). Conversely, in pyrogenic PAHs assemblages, the dominant compound in each
homologous series is the non-alkylated parent compound (mainly with 3 or more aromatic rings) or a

homologue with only one or two alkyl substituents (Neff et al., 2005; Stout et al., 2015).
Traditional assessments of PAHs in environmental and marine samples focus only on the U.S.

Environmental Protection Agency (EPA) list of 16 priority PAHS, which includes only parent PAHs (Keith,

2015). Considering the complex PAHs assemblages and the importance of other related compounds, it
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is a requirement to extend the EPA list to include alkyl-PAHs to obtain a representative monitoring of
EGCS effluent and to assess the impact of its discharges into the marine environment (Thor et al.,
2021). Alkyl-PAHs derivatives have an enormously large number of isomers, being impossible to
analyse them all. For this reason, it is necessary to select those that are the most relevant for regular
monitoring and as representative to assess the contamination by EGCSs and their potential ecotoxic

effects.

Most of the analytical methods used to analyse PAHs and alkyl-PAHs are based on gas chromatography
coupled to mass spectrometry (GC-MS) that is a widely used technique for the identification of volatile,
thermally stable, and non-polar organic pollutants. Capillary GC offers high chromatographic resolution
of organic pollutants in combination with highly selective and sensitive mass spectrometric detection (de
Boer and Law, 2003; Poster et al., 2006). However, the efficiency of GC-MS methods depends on the
level of interferences from the sample matrix, and the achievement of lower limits of detection (LOD)
require an extensive sample clean-up procedure. The use of GC coupled to triple quadrupole tandem
mass spectrometry (GC-MS/MS) can overcome this limitation and provides a more selective
identification of target analytes at trace levels in complex samples. However, only a limited number of
studies have used GC-MS/MS for the analysis of alkyl-PAH homologues (John et al., 2014; Park et al.,
2018; Sgrensen et al., 2016).

On the other hand, the use of the GC coupled with the most innovative HRMS instruments, generally
QTOF mass spectrometers equipped with an Atmospheric Pressure Chemical lonization (APCI) source
(GC-APCI-QToF MS), allows the identification of organic contaminants with high precision, due to the
use of high resolution and mass accuracy for the molecular ions, in addition to the achievement of low
LODs (Portolés et al., 2010, 2014). Furthermore, GC-HRMS can be used for wide-scope screening of
previously unreported contaminants and to identify the most relevant and ubiquitous contaminants in

the samples, including PAHSs, alkyl-PAHSs, and related contaminants (Yang et al., 2019, 2020).

Regarding the sample treatment, several extraction methods have been used, with liquid-liquid
extraction (LLE) and Solid Phase Extraction (SPE) being the most common ones (Martinez et al., 2004;
Qiao et al., 2013). However, LLE is time consuming, labour intensive and requires large amounts of
organic solvents, while SPE requires large sample volumes and high enrichment factors to reach low
LODs (from ng L-1 to pg L-1) and limits of quantification (LOQ). In addition, suspended solids and
particulate matter must be filtered prior to the SPE procedure, which can result in a remarkable loss of

target compounds, particularly the most hydrophobic ones (Temerdashev et al., 2021). Solid phase
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microextraction (SPME) is a promising alternative to these other methods, because it is a solvent-less
technique, the analytes are extracted from the liquid matrix into a non-miscible solid phase, mainly
polydimethylsiloxane (PDMS), thus allowing the simultaneous concentration and purification of the
samples (Piri-Moghadam et al., 2016), which can be analysed without the need of filtration, avoiding
potential analyte losses. However, despite its high potential, there are only few studies that use SPME
in combination with GC-MS/MS for the analysis of both parent and alkyl-PAHs (Hawthorne et al., 2005;
Terzaghi et al., 2021).

In addition to the removal of sulfur, EGCSs are also efficient in removing the particle content from
exhaust gas, whose composition and physical dimensions depend on the fuel used, engine
characteristics, and engine load (Fridell et al., 2008). These patrticles will be released directly in the
marine environment from open loop EGCSs. In case a settling tank is used to treat the EGCS effluent,
the less buoyant fraction of the particle population will be partly retained, depending on particle
properties (size and density) and tank characteristics. Particles in the water will act as vectors of
transport for metals and PAHs, among other contaminants (Linders et al., 2018; Turner et al., 2017) and
is thus important to determine the physical-chemical properties that regulate their transport, reactivity,
and fate in the marine environment. In this work we focus on particle size distribution, number
concentration, and metal content of particles isolated from EGCS effluent and attempt to use these
properties to identify particles in seawater, in the vicinity of busy shipping lanes. A method based on
SEM-EDS was developed to detect particles on a flat membrane and conduct elemental analysis on
each particle. To avoid operator bias, an automated method was developed, based on the elemental

contrast between the membrane and patrticles.

2.2.1. Metals analysis

Metals were analysed at the Spanish Council for Scientific Research (CSIC) (Vigo, Spain). Samples
were acidified with hydrochloric acid (HCI) to a pH around 1.7, if the samples could not be previously
acidified. Samples are allowed to rest at least one week to allow the recovery of any fraction of metals
that may be attached onto the walls of the tubes and to release loosely bound and labile particulate
metals. After that, they are centrifuged to remove the particulate matter. UV-oxidation is needed before
analysis owing to organically bound metals that are not retained in the preconcentration resin. Finally,
metals analysis is done by SeaFAST pre-concentration setup and Agilent 7900 Inductively Coupled

Plasma Mass Spectrometry (ICP-MS). Results of the metal analysis are collected to Table 1.
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Table 1. Average total” concentration of trace elements found in EGCS effluent (in micrograms L), presented with a 95 %
confidence interval. The ambient category represents primarily harbours and marinas where sampling of the surrounding
water has been made. The pristine category represents unpolluted surface water where the concentrations have been
derived from (Bruland and Lohan, 2003). N= number of studies included.

Open loop Open loop Closed loop Pristin

EGCS effluent | inlet water EGCS effluent | e water

discharge discharge

L+ 95% ClI L+ 95%Cl L+ 95%Cl (micro

N N N

(microg L) (microg L) (microg LY) gL
Arsenic 6.99 £ 3.58 62 | 5.81+1.46 52 23.00 £10.21 22 |19
Barium 14.69 £ 4.81 5 14.44 + 4,98 6 - - 15
Cadmium 0.85+0.3 62 | 0.99+0.33 54 | 0.58+0.20 22 | 0.07
Chromium 14.53 £ 6.35 59 | 16.3+£18.41 52 1250 + 2045 16 | 0.21
Cobalt 0.17+£0.14 6 | 0.07+0.06 4 - - 0.0018
Copper 38.75+12.45 70 | 28+ 14 58 | 519.42+243.64 23| 0.19
Lithium 180 + 5.06 10 | 177 +£49 10 - - 179
Lead 9.20 £ 4.48 67 | 8.27 £4.95 55 8.24 £ 3.36 22 | 0.002
Mercury 0.08 + 0.01 26 | 0.08 + 0.02 22 | 0.07 £0.02 16 | 0.0002
Molybdenum | 10.69 + 0.95 7 |10.72+0.85 5 66 1 |10
Nickel 46.86 £ 11.25 65 | 8.83+£45 54 2623 £ 854 22 | 047
Selenium 97.00 £+ 38.12 2 - - - - 0.13
Vanadium 176.59 + 49.96 61 | 9.45+5.29 50 1402 + 3450 22 | 1.7
Zinc 110.84 + 60.87 70 | 175.58 £ 147.25 56 387.71 £ 22264 22| 0.33

“total concentration is the sum of particulate and dissolved, if not specified it is assumed to be the total concentration.

2.2.2.
Automated methods of analysis for particle analysis were developed in SEM (GeminiSEM, Zeiss) on VP
mode (60 Pa), BSD detector at magnification 234 X, EHT 20 kV, and using SmartPI software.
(10

the membrane with particles, i.e., avoid stacking and filtration-induced aggregation. Brightness and

Polycyclic aromatic hydrocarbons

Polycarbonate membranes ghm effluent, taking dare o) to owezloae
contrast were adjusted to optimise contrast between carbon-containing particles and the membrane.
Scanning of the membrane area was set to random, to avoid bias from flow-induced variability of particle

number density in different areas on the membrane.
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The wide scope screening (Table 2) applied allowed the identification of the most relevant alkyl PAHs

present in EGCS effluent to be included in the target analytical method. 37 different alkyl-homologues
were identified, including C1, C2, C3 and C4-naphthalenes, C1, C2 and C3-fluorenes, C1, C2, C3 and
C4 phenanthrenes, Cl-fluoranthene and benzo [c] phenanthrene. The on-line SPME-GC-MS/MS

method developed is a reliable, sensitive, and selective tool for the determination of target PAHs and

alkyl homologues. Recoveries achieved are in the acceptable range (>70%), and LODs and LOQs

achieved are low enough that ensure the detection of these compounds in the EGCS effluent samples.

The analysis of both unfiltered and filtered effluent is appropriate to assess the impact of particulate

matter, especially for high molecular weight PAHs and alkyl derivatives.

Table 2. Alkylated PAHs analysed in the EGCS effluents from the EMERGE onboard campaign (Vessel 1), Vessel 2, and the
Chalmers pilot EGCS.

Grouping chemical analysis Substance name CAS
C1-Naphthalene-1-methyl 1-Methylnaphthalene 90-12-0
C1-Naphthalene-2-methyl 2-Methylnaphthalene 91-57-6
2,6-Dimethylnaphthalene 581-42-0
1-Ethylnaphthalene 1127-76-0
. C2-Naphthalene 2-Ethylnaphthalene 939-27-5
2-rings
2,3,5-Trimethylnaphthalene 2245-38-7
C3-Naphthalene 2-Isopropylnaphthalene 2027-17-0
C4-Naphthalene 1,4,6,7-Tetramethylnaphthalene 13764-18-6
C1-Fluorene 1-Methylfluorene 1730-37-6
C2-Fluorene 1,7-Dimethylfluorene 442-66-0
C1-Phenanthrene 1-Methylphenanthrene 832-69-9
1,3-Dimethylphenanthrene 16664-45-2
. C2-Phenanthrene 2-Ethylanthracene 52251-71-5
3-rings
C3-Phenanthrene 1,2,6-Trimethylphenanthrene 30436-55-6
1,2,6,9-Tetramethylphenanthrene 204256-39-3
C4-Phenanthrene 7-Isopropyl-1-methylphenanthrene (retene) | 483-65-8
. 1-Methylfluoranthene 25889-60-5
4-rings
C1-Fluoranthene/Pyrene 1-Methylpyrene 2381-21-7
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There are several organic compounds present in the EGCS effluent, mainly originating from the fuel and
the combustion of the fuel. Polycyclic aromatic hydrocarbons (PAHs) are, next to metals, the most
studied constituents of the effluent. All average concentrations of PAHSs, including the 95% confidence
interval, for discharge water, EGCS inlet water and pristine surface seawater is presented in Table 3.
The PAHSs are listed based on the molecular weight, with the low molecular weight compounds at the
beginning and higher molecular weights the further down in the table. The concentrations of some of
the measured PAHs are higher in the EGCS effluent discharge water of both open and closed loop
systems compared to the inlet water indicating that; 1) the sources of PAHs can be attributed to the

abatement process and 2) that the cleaning steps of the closed loop systems are insufficient.

Table 3. Average total* concentration of organic compounds found in EGCS effluent (in micrograms L), presented with a 95
% confidence interval. The ambient category represents primarily harbours and marinas where sampling of the surrounding
water has been made. The pristine category represents unpolluted surface water where the concentrations have been
derived from Law et al (1997). N= number of studies included.
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Open loop | Open loop |Closed loop EGCS|Pristine

EGCS effluent |inlet water effluent discharge water

discharge

L+ 95% ClI L+ 95%Cl L+ 95%Cl (microg

N N N N

(microg L) (microg L) (microg L) )
Naphthalene 2.76 £0.79 55 0.11 £ 0.08 48 2.08+1.13 18 <0.010
Acenaphthylene 0.13+0.07 63 0.11+0.11 60 |0.08 +0.07 11 |<0.003
Acenaphthene 0.19 + 0.07 63 0.01 +0.003 60 |0.49+0.39 11 |<0.002
Fluorene 0.46 £ 0.10 63 0.07 £ 0.06 60 1.27 £ 0.67 11 <0.001
Phenanthrene 1.51+0.30 64 0.09 £ 0.08 61 [4.30+1.98 12 |<0.008
Anthracene 0.08 + 0.05 63 0.02 £ 0.02 60 [0.14+0.11 11 |<0.001
Fluoranthene 0.16 £ 0.05 63 0.03+0.02 59 10.35+0.28 11 |<0.001
Pyrene 0.32+0.12 63 0.05+ 0.04 60 |0.37+0.27 11 |<0.001
Benz(a)anthracene 0.13+0.06 64 0.03+0.02 61 [0.16+0.20 12 |<0.002
Chrysene 0.19 £ 0.07 63 0.05+0.03 60 |0.11+0.08 11 |<0.002
Benzo(b)fluoranthene 0.04 £ 0.02 63 0.01 + 0.004 60 |0.04 +0.03 11 |<0.001
Benzo(k)fluoranthene 0.01+0.01 49 0.01 £+ 0.004 47 |0.02 £0.02 11 |<0.001
Benzo(a)pyrene 0.05 + 0.02 64 0.01 + 0.004 61 |0.04+0.04 12 |<0.001
Dibenzo(a,h)anthracene 0.03 £ 0.02 63 0.02 £0.01 60 [0.02+0.02 11 |<0.001
Benzo(g,h,i)perylene 0.02 + 0.01 63 0.009 + 0.004 60 |0.02+0.02 11 |<0.001
Indeno(1,2,3-c,d)pyrene 0.07 £ 0.06 63 0.06 + 0.06 60 |0.02+0.02 11 |<0.001
Sum EPA 16 PAH 297 +£0.79 35 1.44 + 2.53 18 17.8+5.3 11 -
Sum PAH 7.25+1.95 36 04+04 28 5.12 + 3.87 7 -

“total concentration is the sum of particulate and dissolved, if not specified it is assumed to be the total concentration.

The methodology was successfully applied to EGCS effluent samples collected from a container ship
during its journey from the North Sea to the Eastern Mediterranean. The results highlight the prevalence
of naphthalene, phenanthrene, and their alkyl derivatives. In addition, the effect of sample filtration of
the effluent prior to analysis was assessed, since this is a step included in some standard protocols.
There was a significant loss of more hydrophobic PAHs during filtration which is a strong argument

against filtration (Garcia-Gomez et al., 2023).
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2.2.3. Nutrients

Nutrients have a natural spatial and seasonal variability that will contribute to the large variability shown
in Table 4. It is difficult to draw any conclusions from these data except that it is a challenge to estimate
average concentrations, with small confidence intervals, of nitrogen species in the water without
considering when, where and how sampling was made. This parameter should rather be considered on
a case-by-case basis where the inlet concentrations can be compared to the outlet concentrations to

estimate a final load emerging from the SO, abatement process.

Specifying the forms of the nitrogen species will also indicate whether the water is reduced or oxidised.
The larger the fraction of ammonium and nitrite, the more reduced the environment, i.e. less oxygen

available. This will also affect the speciation of other elements and compounds.

Another potential nutrient is iron. This trace element may be the limiting factor for photosynthetic activity
in High Nutrients, Low Chlorophyll (HNLC) areas, and point sources could result in local blooms in areas
with otherwise low abundance of phytoplankton. Iron is not only connected to the EGCS but is widely
used in anthropogenic structures such as the ship hulls and piping, which could help explain the large

variety in concentration.

Table 4. Potential nutrients, nitrogen species and iron, concentrations measured in EGCS effluent from open and closed loop
(in unit of milligrams Lt), inlet water associated with open-loop systems. N= number of studies included.

Open loop Open loop Closed loop EGCS
EGCS discharge inlet water discharge
L + 95% ClI <L + 95% ClI L + 95% ClI
N N N
(millig L) (millig L) (millig L)
Nitrogen species
Nitrate (NO3%) 2.83+2.06 31 3.21+223 30 110.98 + 135.73 4
Nitrite (NO2) 0.760 + 0.68 28 0.97+1.28 26 55.76 £ 130.71 4
Ammonium (NH4*) 0.73+0.03 17 0.07 £ 0.04 14 - -
Other
Iron 0.24 + 0.37 4 0.032 + 0.08 3 - -
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2.3. Ecotoxicological experiments

Ecotoxicological experiments and tests were carried out by five research laboratories at University of
Venice (UV) in ltaly, University of Southampton (UoS) in Great Britain, IVL Swedish Environmental
Research Institute (IVL) in Sweden, University of Aveiro (UAV) in Portugal, and Aristotle University of
Thessaloniki (AUTH) in Greece (Figure 5). At all laboratories but AUTH, experiments were carried out
on single species. At AUTH natural microplankton communities, with a range of different

microorganisms, were collected in the field and used in experiments.
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Figure 5. Ecotoxicological testing laboratories and type of analysis performed.

sea urchin, polychaete

All testing was done on whole effluent, either from ships in operation or from a pilot laboratory scale
EGCS installed at Chalmers Technical University (Santos et al., 2022). The water was collected and
treated uniformly according to a protocol developed within the EMERGE project. The purpose of this
was to maintain the effluents as similar as possible to the discharged effluent the marine organisms
would encounter in nature. The tested waters were not identical in their chemical composition, but this

reflects real life situations under which EGCS effluent is produced. Sampling on board the ship was
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done as close to the discharge point to the sea as possible to obtain a water like that which the animals

in the field are exposed to.

The ecotoxicological work carried out is primarily based on scientific experiments, while some of the
studies follow modified standardised protocols. Modifications primarily concern the adjustment of the pH
of the exposure water, which is required according to standard test protocols. Adjustments of pH were
not done here since it would affect the true toxicity of the EGCS effluent and compromise the relevance
of the results. Ecological relevance, i.e., the applicability of the results in real world exposure situations,
is a very important aspect of ecotoxicological research and influences the utility of the generated data

for risk/impact assessment.

To assure the quality and usefulness in relation to risk assessment (development of Environmental
Quiality Standards-EQS) of the ecotoxicological data produced within the EMERGE project, the CRED
method (Moermond et al., 2016) was followed, as stated in the technical guidance document (TGD27)
for deriving environmental quality standards issued by the European Commission (European
Commission, 2018). The CRED method offers the ability to assess relevance of aquatic ecotoxicity data
in addition to reliability criteria and is recommended to be applied for the critical studies in a dataset.
The CRED method uses a set of 20 reliability and 13 relevance criteria, which support the harmonisation
in the evaluation and reporting of ecotoxicological results (inherently subject to expert judgement). Each

research team assessed its own ecotoxicological experiments and results against CRED criteria.

Experiments and testing

To understand the toxic impact EGCS effluent can have on marine ecosystems, it is crucial to perform
tests on species that are sensitive to the hazardous compounds present in the water, and it is also
important to study the animals at the most sensitive part of their life cycle. Often, animals are most
sensitive during the early developmental stages (egg or larvae), so studies on individuals of a species
at later developmental stages or as adults run the risk of seriously underestimating toxicity of the
compound or wastewater that is being tested. To increase the chances of obtaining toxicity data that
can be used to truly protect the marine ecosystems, the test organisms selected in the present project
included species of invertebrates and phytoplankton from a range of different taxonomic groups, and
the studies on invertebrates were mainly carried out on early life stages. In addition, experiments were
done exposing natural communities of pelagic microorganisms to EGCS effluent and on a marine

bacterium of the species Aliivibrio fisheri. Since the effluent is released into the surface of the water
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column, pelagic species will encounter higher concentrations of the specific mixture of hazardous
compounds present in the discharged water than bottom-dwelling species. The test species were
therefore all selected to be representative of a pelagic food web. Some were species that spend their
entire life in the water column, while others are pelagic during the egg and larval stages but spend the
rest of their life on the seafloor or on intertidal substrates. The truly pelagic species included in the
experiments were two species of the class Copepoda, Acartia tonsa and Calanus helgolandicus, and
the two phytoplankton species, the diatom Phaeodactylum tricornutum and the green algae Dunaliella
tertiolecta. Species with pelagic eggs and larvae were two species of the class Echinodea, the sea
urchins Strongylocentrotus droebachiensis and Paracentrotus lividus, one species of the class
Polychaeta, Sabellaria alveolata, and two species of the class Bivalvia, the blue mussels Mytilus
galloprovincialis and Mytilus trossulus (Figure 6). The mesocosm experiments on natural field collected

communities included organisms <200 micrometers, mainly numerous species of phyto- and

bacterioplankton that were present at the time of the sampling.

Figure 6. Images of some species, some of their larvae and planktonic communities used in the ecotoxicological experiments
and tests with EGCS effluent. A,a) Sea urchins Paracentrotus lividus, with pluteus larva (Class Echinodea: Phylum
Echinodermata); B,b) Copepods Calanus sp. with nauplius larva (Class Copepoda, Subphylum Crustacea); C,c) Blue mussels
Mytilus sp. with veliger larva (Class Bivalvia, Phylum Mollusca); D,d) Polychaete Sabellaria alveolata with trochophore larva
(Class Polychaeta, Phylum Annelida); E) Microalgae, E1 and E3: Diatoms Phaeodactylum tricornutum and Pseudo-nitzschia
sp. (Class Bacillariophyceae), E2: green algae Dunaliella tertiolecta (Class Chlorophyceae); F) Phytoplankton community
dominated by the microalga Pseudo-nitzschia cf. pungens (alive and dead i empty cells) in 10% EGCS effluent.
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Organisms were exposed to EGCS effluent in concentrations between 0.0001 and 40%, (% of effluent
diluted in natural sea water), and control animals were exposed to only seawater. Toxicity was
expressed as the lowest concentration found to have an effect that was statistically different from the
control (Lowest Observed Effect Concentration, LOEC), and the highest concentration with no
statistically significant effect (No Observed Effect Concentration, NOEC) were calculated. In the
experiments with the EGCS effluent NOEC could not be determined in all experiments since significant

effects were observed already at the lowest test concentration.

The response data was also used to estimate the Effective Concentration or Lethal Concentration 10%
(EC10/LC10), that is, the effluent concentration having a 10% effect on the analysed endpoint or causing
the death of 10% of the exposed population of test organisms, and EC50% or LC50% (EC50/LC50), the
EGCS effluent concentration having a 50% effect on the analysed endpoint or causing the death of 50%
of the exposed test population. EC/LC10 and EC/LC50 were estimated from a dose-response curve
based on the obtained data on effect/mortality among the organisms exposed to EGCS effluent
compared to a control group exposed to sea water only. LOEC and NOEC are hence actual
concentrations to which the organisms were exposed, whereas EC10 and EC50 are statistical estimates
calculated from a curve fit to the obtained response data.

In the mesocosm experiments, communities of microplankton (Figure 6F) were collected in two polluted
sites (a port and a marina) and two unpolluted, and the organisms were exposed to either 1 and 10%,
or 1, 2 and 5% EGCS effluent. The total abundance (number of cells) was calculated for three groups
of the plankton, microphytoplankton (20 - 200 micrometers), nanophytoplankton (2-20 micrometers),
picophytoplankton (approximately 0.5 - 2 micrometers) and bacterioplankton. Analysis was also done

on population density of a selected number of individual species.

2.4. Risk assessments

Environmental risk assessments (ERA) of chemical substances (hereafter referred to as substances)
are based on the comparisons between the exposure of the ecosystem to a substance on the one hand,
and the sensitivity of the ecosystem to that substance on the other. The exposure is usually estimated
using chemical fate models that determine PECs in different environmental compartments. The
concentration of the substance below which adverse effects in the environmental sphere of concern are

not expected to occur is known as PNEC (European Union, 2007). If the PEC/PNEC ratio (also referred
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to as risk characterization ratios, RCR) exceeds 1, the risk of adverse effects on the environment is
denominated as unacceptable. If the RCR ratio is below 1, the risk of adverse effects on the
environment is denominated as acceptable. If a product, or a waste stream, contains more than one
substance, a PEC/PNEC summation approach is typically applied as a conservative first-step
methodology to predict the risks for adverse effects of mixtures of contaminants (Backhaus and Faust,
2012).

The summation approach is based on the concept of concentration addition which means that all

substances present in a mixture contribute to a cumulative effect.
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The summation of RCRs (Eq 1, where n is the total humber of substances in the mixture) is also
supported by the recently approved IMO guidelines for environmental risk and impact assessments of
EGCS effluent discharge water (IMO, 2022), stating that: The cumulative effects of mixtures should be
taken into account and a PEC/PNEC summation approach is recommended where PEC/PNEC ratios
of all mixture components (PAHs and metals) are summed up to a final Risk Quotient. The summation
of toxic units (derived in a similar manner as RCRs) is justified if the mixture is well defined (European
Commission, 2018). The development and Environmental Quality Standards (EQS) are important tools
used for assessing the chemical and environmental status of waterbodies (European Community,
2000).

Shipping is known to emit hundreds of different substances and the liquid waste streams (Figure 1) are
often chemical mixtures and the composition of each waste stream may be highly variable. Although it
is possible to calculate emission factors for individual substances, it would be very time-consuming to
develop and apply a chemical fate model that has the capacity to accurately predict environmental
concentrations of the hundreds of substances discharged in harbours and/or ship lanes. Thus, a
simplified approach is to assess the potential risk for adverse environmental effects from the cumulative
RCR (hereafter referred to as RCRsum) Of a specific waste stream, e.g., EGCS effluent discharge, where
Measured Concentrations (MC) of substances based on available data on average concentrations in
the waste stream (instead of modelled PEC values) are compared with PNEC-values to derive RCRsym.

With this approach the different waste streams potential risks can be compared to each other.

To assess the cumulative risk of the mixture, a PNEC value is required for each substance. PNECs are
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derived from ecotoxicological studies where representative species from different trophic levels (or
taxonomic groups) are exposed to the specific substance. According to the TGD 27, two methods can
be used to derive PNEC values, the deterministic and the probabilistic approach. For the deterministic
approach, the lowest effect concentration is divided by an assessment factor (AF) whose size is
dependent on the available data. The AF is used to account for the uncertainty in extrapolating between
the performed tests and the field situation. The probabilistic approach requires more data, and all
available ecotoxicity data (usually chronic NOEC and/or EC10 data) are ranked and a species
sensitivity distribution (SSD) curve is fitted to the data. Finally, a certain percentile (usually the 5
corresponding to the concentration estimated to affect 5% of all species) of the distribution is selected
as threshold value (also called HC5 value). The probabilistic approach is also associated to
uncertainties and requires an assessment factor, but this is often lower than for the deterministic
approach due to the increased data availability and inclusion of several species. If no ecotoxicological
studies have been conducted for a certain substance or the number and quality of the obtained data is
not satisfactory, no PNEC can be derived, and the substance cannot be included in the RCRsum
assessment. To fill the data gap of these substances for which no toxicity data are available, non-testing
methods, such as computational approaches with Quantitative Structure-Activity Relationship (QSAR)
models, can be applied to predict the toxicity (as described by a specific ecotoxicological parameter,
such as ECx or NOEC) based on the chemical structure and/or properties of the substance. However,
as stated in the guidance document (European Commission, 2018)t he QSAR model s
used to generate critical data to derive an EQS; however, predicted data can play a role in reducing
uncertainty and thereby influence the size of
regarding the application of QSAR and recent technological advances where QSAR has been used,

see the work of Muratov et al (Muratov et al., 2020).

PNEC values were only derived for the sixty high priority substances (Table 5) as these have been
detected in EGCS effluent or sludge. When deriving PNECs for each substance, three different methods

were applied:

1 Method 1: only experimentally measured values from the ECOTOX database (US EPA, 2023)
or from literature (European Commission, 2023b; Verbruggen, 2012) are included,

1 Method 2: only the QSAR model outputs (ECOSAR(Wright et al., 2022), VEGA(Benfenati et al.,
2013), T.E.S.T(Matrtin, 2020)) are included

1 Method 3: both the experimental and QSAR datasets are included.
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For all methods, the PNEC was derived in accordance with the TGD No 27 where the data availability
for of the trophic levels, species and endpoints determined which method to use and what assessment

factor to apply.

The ecotoxicological response of whole effluent testing of EGCS effluent cannot be fully explained by
the toxicity of the individual substances identified, or their synergistic effects, in the effluent. Therefore,
as a complement to the conventional monitoring and modelling of individual substances (section State),
we present an alternative risk assessment approach where the open loop EGCS effluent is modelled
as one entity and the resulting environmental concentrations, as dilution factors, can be compared to
Predicted No Effect Concentrations (as percentage EGCS effluent) from the ecotoxicological tests. The
relation between the concentration of a chemical substance, expressed as either the Measured
Environmental Concentration (MEC) or the Predicted Environmental Concentration (PEC) to the

Predicted No Effect Concentrations (PNEC) can be expressed as a Risk Characterization Ratios (RCR).

If RCR>1, the risk of adverse effects on the environment is denominated as unacceptable. If the RCR
ratio is below 1, the risk of adverse effects on the environment is denominated as acceptable. PNEC+cp
for open loop effluent was derived from EMERGE ecotoxicological studies (Table 5) in accordance with
the technical guidance (European Commission, 2018) by a deterministic approach where an
assessment factor is applied to the lowest No Observed Effect Concentration (critical valuenoec, Table
6).

Table 5. Final PNEC values (pg/L), PNECM1-3 refers to the lowest PNEC value derived from method 1, 2 or 3 described
above.

PNECwm1-3 | PNEC:tinal

(microg L™ |(microg L |Source PNECiinal

1) 1)
?,lahﬁlated E\lcalp)hth alene-2-methy| 4.74x102 |4.74x102 |Method 1 (separate analytical report from EMERGE project)
Alkylated |Naphthalene-1-methyl 1 1
Ay o 1.23x10 1.23x10 Method 3
’Skk.i"“e" Naphthalene-C2 7.80x10° |7.80x10° | Method 1
gx(lﬁlamd Naphthalene-C3 1.46x10% |1.46x10% |Method 3
ﬁmlmed Naphthalene-C4 1.70x10% |1.70x10° |Method 2
/Smated Phenanthrene-C1 4.68x10° |4.68x10° |Method 3
/Smated Phenanthrene-C2 9.53x10* |9.53x10* |Method 2
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Alkylated

PAH Phenanthrene-C3 1.67x10% |1.67x10° |Method 2

’Sm'ate‘j Phenanthrene-C4 2.04x10* |2.04x10* |Method 2

Qm'ated Fluorene-C1 9.65x10% |9.65x10% |Method 2

?’Ialxlated Fluorene-C2 7.24x103 |7.24x102 |Method 2

Alkylated |Fluoranthene-Pyrene- 3 3

PAH c1 1.45x10 1.45x10 Method 2

giEPA 16 Acenaphthene 2.26x10° |3.80x10! |EU RAR CTPHT (2008); Verbruggen (2012)

giﬁPA 16 Acenaphthylene 5.95x10'! |1.30x10"! |EU RAR CTPHT (2008); Verbruggen (2012)

USEPA 16 02 > |Method 1

PAH Anthracene 1.44x10 1.44x10 (*AA-EQS=0.1 pg/L)

USEPA 16 i3 i3 ,

PAH Benzo(a)anthracene 1.92x10' 1.20%10' EU RAR CTPHT (2008); Verbruggen (2012)

gEEPA 16 Benzo(a)pyrene 7.84x10'® |1.70x10™* | AA-EQS marine (European Union, 2013)

gEEPA 16 Benzo(b)fluoranthene |3.06x10'4 |3.06x10* |Method 3

DSEPA 18 Benzo(g h.ijperylene | 2.60x10' |2.60x10' | Method 3

DSEPA 18 Benzo(k)fluoranthene |1.69x102 | 1.69x10°2 | Method 3

giEPA 18| chrysene 9.00x10'¢ |9.00x10'* |Method 1

USEPA 16 | Dibenzo(a, . i5

PAH h)anthracene 5.66x10' 5.66x10' Method 3

USEPA 16 Fluoranthene 2 40x10' | 7.60x1014 Newly proposed AA-EQS marine (European Commission,

PAH 2023b)

giEPA 16 Fluorene 1.74x10° |2.50x10'* |EU RAR CTPHT (2008); Verbruggen (2012)

USEPA 16 |Indeno(1,2,3-cd) 167x10'4 |1.67x10'% |Method 3

PAH pyrene

giEPA 16 Naphthalene 1.53x10% |2.00x10° |AA-EQS marine (European Union, 2013)

USEPA 16 REACH

PAH Phenanthrene 1.12x10° |1.10x10° | (https://echa.europa.eu/regulations/reach/understanding-
reach)

giEPA 16 Pyrene 3.60x10'! |2.30x10'2 |EU RAR CTPHT (2008); Verbruggen (2012)

Metals Arsenic 5.50x10't |(SWAM, 2019)

Metals Cadmium 2.00x10'! | AA-EQS marine (European Union, 2013)

Metals Chromium 3.40x10° | (SWAM, 2019)

Metals Copper 1.45x10° | (SWAM, 2019)

Metals Lead 1.30x10° | AA-EQS marine (European Union, 2013)
REACH

Metals Mercury 6.70x10'2 | (https://echa.europa.eu/regulations/reach/understanding-
reach)

. AA-EQS marine (European Union,
0

Metals | Nickel 8.60x10° | 513)(Council Directive (EC), 2013)
REACH

Metals Vanadium 2.50x10° | (https://echa.europa.eu/regulations/reach/understanding-

reach)
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Metals Zinc 1.10x10° | (SWAM, 2019)

The sum of the RCRs of the individual open loop EGCS effluent, used in the different ecotoxicological
tests, were calculated according to Equation 1. The substance concentrations in the specific effluent
were compared to the substance specific PNECiina listed in Table 5. The results from the current study
indicate that the alkylated PAHs, that have previously not been included when assessing the
environmental risk of EGCS effluent, could contribute to more than 85% of the cumulative risk (Figure
7). However, it must be emphasised that the QSAR models hold high uncertainties and future
ecotoxicological studies should focus on testing how toxic these alkylated PAHs are for marine species
(and ecosystems) to confirm the results.

Inorganics (metals)
US-EPA 16 PAHs

I Alkylated PAHs

Figure 7. Relative contribution to the average cumulative risk quotient, calculated for open loop EGCS effluent from the
EMERGE onboard campaign.

The predicted required dilution ratio was compared to the ecotoxicological responses in the whole
effluent tests performed within EMERGE and described in a separate report. The exposure
concentrations (in % effluent) from the ecotoxicological tests were recalculated to dilution ratios to
enable comparison (Table 6). Although highly variable, the result suggests that by including alkylated
PAHSs, the prediction of toxicity of EGCS effluent can be improved (Figure 7). However, even when
alkylated PAHs are included, the prediction does not manage to protect the most sensitive species
(Table 6).
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Table 6.

Experi ment al
on EGCS effluent constituents. The last two columns compare the predicted dilution required if alkylated PAHs are included
or not. Laboratories: University of Venice=UV, University of Aveiro=UAV, University of Southampton=US

ecotoxicological

test

resul

ts

and

t he

Laborator |Effluent |Species End-point | NOEC from | LOEC from | Dilution  ratio | Predicte |Predicte
y sample ecotoxicologic |ecotoxicologic |(based on|d d
al test (% | al test NOEC from | dilution |dilution
effluent) ecotoxicologic |ratio ratio
al test) (only (metals,
metals US-EPA
and US-|16 PAHs
EPA 16|&
PAHSs) alkylated
PAHSs)
uv Chalmer | Acartia tonsa Egg 0.001 0.01 100000 399 N/A
s production
uv Chalmer | Acartia tonsa Larval <0.01 0.01 >10000 399 N/A
S developmen
t
uv Vessel 1| Acartia tonsa Egg 0.001 0.01 100000 2193 15562
(nr 10) production
uv Vessel 1|Acartia tonsa Larval 0.01 0.1 10000 2193 15562
(nr 10) developmen
t
uv Vessel 1|Mytilus Larval 0.1 1 1000 2193 15562
(nr 10) galloprovincialis | developmen
t
IVL Vessel 1| Strongylocentrotu | Egg <0.0001 0.0001 >1000000 2297 13225
(nr1) s droebachiensis | fertilization
IVL Vessel 1| Strongylocentrotu | Malform. of | <0.0001 0.0001 >1000000 2297 13225
(nr 1) s droebachiensis |larvae
IVL Defined | Calanus Egg 0.01 0.1 10000
in  Thor | helgolandicus fertilization
et al
2018
UAV Chalmer | Paracentrotus Malform. of | 0.001 0.01 100000 196 599
s lividus larvae
UAV Chalmer | Paracentrotus Egg <0.01 0.01 >10000 196 599
S lividus fertilization
UAV Vessel 2 | Paracentrotus Egg <0.01 0.01 >10000 389 5808
lividus fertilization
UAV Vessel 2 | Paracentrotus Malform. of | <0.001 0.001 >100000 389 5808
lividus larvae
UAV Vessel 1| Sabellaria Malform. of | <0.001 0.001 >100000 2297 13225
(nr 1) alveolata larvae
UAV Vessel 2 | Sabellaria Malform. of | 0.001 0.01 100000 389 5808
alveolata larvae
UAV Chalmer | Sabellaria Malform. of | 0.001 0.01 100000 196 599
S alveolata larvae
UAV Vessel 1|Paracentrotus Fertilization |0.01 0.1 10000 2297 13225
(nr 1) lividus success
UAV Vessel 2 | Paracentrotus Fertilization | 1.56 3.13 64 389 5808
lividus success
us Chalmer | Mytilus trossulus | Malform. of | <0.001 0.001 >100000 ? ?
S larvae
us Vessel 2 | Mytilus trossulus | Malform. of | <0.001 0.001 >100000 ? ?
larvae

predi

The RCRum of both open and closed loop EGCS effluent discharge is substantially higher than the RCR

from the other four waste streani$gure 8).
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Figure 8. Comparing RCRsum of five waste streams from ships. The y-axis on the lower panel is in log10-scale for
better comparison of the waste streams with lower RCRsum.

2.5. Modelling tools and input data

Several models were applied in this study, which were necessary to study the air emissions and
discharges from ships, to describe the transport, transformation, and fate of pollutants in the
atmosphere and oceans. A short general introduction is given below for each modelling tool

applied in this work.

2.5.1. Ship Traffic Emission Assessment Model

The Ship Traffic Emission Assessment Model (STEAM) (Jalkanen et al., 2012, 2018, 2021, 2009;
Johansson et al., 2013, 2017) was used to describe the environmental pressures from shipping.
The STEAM model uses vessel speed and location information from Automatic Identification
System (AIS) data, and technical information of individual ships from the S&P Global database,

to model the power load, fuel consumption and air emissions. The modelling capability of STEAM
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includes air emissions, discharges (Jalkanen et al., 2021) and underwater noise (Jalkanen et al.,
2018, 2022). The working principle of the STEAM model is illustrated in Figure 3.8 for air

emissions.

Online Ship Activity

sources Database data (AIS)
|
Data assimilation
TEChr‘IIC.Eﬂ Activity state
properties
|

Onboard ]
Equipment Aux. Main

i Power Power
Fuel grades & FSC

Vessel state

L Fuel consumption Engine loading

] Emission factors
Emissions (g/s)

Fuel consumption & emission state

Figure 9 The working principle of the Ship Traffic Emission Assessment Model (STEAM), obtained from Johansson et
al. (2017).

Accurate prediction of a ship's power output is the foundation of accurate emission modelling as
the predicted emission rates are based on the estimated power output and fuel consumption of
the vessel. Calm water resistance contributes to the major fraction of the total hull resistance and
can be estimated based on vessel characteristics and instantaneous speed. However, a ship will
also experience additional resistances due to ambient conditions. For example, Prpic-Orsic and
Faltinsen (2012) modelled the annual CO; emissions of a container ship during a North Atlantic
voyage and showed that emissions at sea increase approximately 15% due to sea and weather
conditions. Resolving the impact of different factors explicitly based on AIS data, and climate and
sea data, will increase the need for computational resources and this can be avoided by using a
constant sea margin on top of the calm water resistance, which was the approach chosen in the
Fourth IMO GHG study (Faber et al., 2020). However, describing the effect of ambient conditions
by a constant scaling factor will practically neglect geographical or seasonal variations in weather
and sea conditions. To reduce the uncertainty from varying operational conditions of the ship, the
STEAM model was refined with a capacity to include wind, sea current, sea waves and sea ice
data in the modelling and estimate the influence
when these factors are considered. Including ambient conditions in the STEAM modelling, the

inventory level uncertainty of fuel consumption modelling is less than two percent (for a fleet of
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1313 vessels where commensurate activity was found) when compared to EU MRV fuel reporting
data for 2022 (Jalkanen et al., 2023).

While the use of new fuels might reduce emissions of pollutants controlled by current regulations,
it might introduce other issues that should be considered when evaluating the environmental
performance of the ship. For example, Grénholm et al. (2021) reported that methane (CHa)
emissions from some liquified natural gas (LNG) fuelled ships were high enough to negate the
GHG benefit of the reduction of carbon dioxide emissions (CO2) when using LNG instead of
conventional marine fuels. To estimate the impact of new fuels on air quality and GHG emissions
from shipping, reliable emission inventories are needed. Therefore, the STEAM model has been

updated with a capacity to model emissions from vessels using methanol or ammonia as a fuel.

To evaluate more accurately the amount of EGCS effluents and pollutants discharged into the
environment, the list of vessels with a EGCS installation and areas with EGCS use limitations
were updated in the STEAM model to include details of equipment type and installation date. This
includes information from S&P Global and Global Information System for International Shipping
(IMO GISIS).

In accordance with the review of Teuchies et al (2020), the EGCS effluent discharge rate was set
to 90 m® MWh? and 0.45 m®* MWh'! for open and closed loop systems, respectively. Adoption of
real discharge rates instead of normalised values (open loop 45 m®* MWh, closed loop 0.15 m?
MWh1) also requires that the consecutive laboratory analysis of EGCS effluent samples need to
use the actual concentrations instead of normalised numbers to maintain consistency of mass

fluxes of contaminants. This is considered in all analysis carried out in the project.

2.5.2. Atmospheric chemical transport models

The atmospheric component of the EMERGE consortium involves 4 atmospheric models: the
System for Integrated Modelling of Atmospheric Composition (SILAM), the Multi-scale chemistry-
transport model for atmospheric composition analysis and forecast (CHIMERE), Community
Multiscale Air Quality Model (CMAQ) modelling system and European Monitoring and Evaluation
Programme (EMEP) model. In addition, the Weather Research and Forecast (WRF) model has
been used to create the meteorological inputs for all three models. Meteorological data created
by the European Centre for Medium-Range Weather Forecasts (ECMWF) were also used by the
SILAM model. The data were for the year 2018. All models used the ship emission inventories

obtained from the STEAM ship emission model.
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The simulations conducted by each modelling group involved running several scenarios: a set of
simulations with different shipping emission scenarios and one simulation without shipping
emissions, all with the same land-based emissions. The STEAM emissions and CAMS
(Copernicus Atmospheric Monitoring Services) emission inventory were used as the emission
sources for shipping and land-based emissions, respectively, in the air quality models. All models
simulated shipping emissions for year 2018 and for year 2050 in the S3 and S8 scenarios in
combination with CAMS land-based emissions for year 2018. The 2050 shipping scenarios were
simulated also with land-based 2050 emissions (ECLIPSE Maximum Feasible Reduction) with
the EMEP model.

The simulations of shipping 2050 scenarios with two different scenarios for land emissions
provided a sensitivity test of impact of the land emissions on the shipping signal simulated with
the models. This sensitivity study showed low sensitivity of the shipping signal in terms of
deposition of N, S, and metals, on changes in land-based emissions. Therefore, we have
concluded that the shipping contributions for scenario S3 and S8 calculated with the model
ensemble using the year 2018 land-based simulations represent well the shipping deposition
signal in the year 2050.

Fate of atmospheric emissions of metals from shipping were calculated as part of ash particles
resulting from the combustion of HFO. Emission factors for metals relative to emissions of ash
are based on literature review performed in EMERGE (Table A- 2, in Appendix). Two models,
EMEP and SILAM, have calculated the deposition of metals associated with shipping. Since
emission inventories for other sources than shipping are only available for some of the relevant
components, lead (Pb) and cadmium (Cd) in particular, only these 2 metals were calculated
explicitly in the SILAM model, and the deposition of all other metals were calculated from the ash

deposition data. In the case of EMEP, deposition of all metals was calculated from the ash data.

No significant difference between the SILAM and EMEP results were found considering the two
different approaches used. Also, intercomparison with EMEP simulations of deposition of Pb and
Cd (as well as S and N) on the Baltic Sea (Gauss et al., 2020) shows good agreement between

the models.

In this work, emission factors relative to species calculated by the STEAM model have also been
developed for PAHs (Table A- 3 in Appendix). The association with the STEAM species has been
done about their volatility classes (semi volatile, SV, low volatile, LV, and extremely low volatile,
ELV): The SV and LV PAH species were associated with STEAM HC emissions, the ELV species

with OC emissions. To simulate fate of PAHs is complex as they undergo gas-to-particle
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partitioning and atmospheric degradation in both phases, there is generally rather low
understanding of these processes and only few chemistry transport models include chemistry of
PAHSs, typically only BaP. Since none of the models involved includes PAH chemistry,
atmospheric deposition of PAHs could not be modelled within the project.

Concentrations of air pollutants simulated with the models are used to calculate deposition fluxes
of the shipping-related air pollutants (metals, N and S) to the sea as well to calculate human

exposures to evaluate the associated negative health impacts.

2.5.3. ChemicalDrift

Our approach for waterborne stressors includes nesting of several models. These use as inputs
various discharge streams from STEAM and atmospheric deposition from chemical transport
models. The case studies of this work rely on description of regional dispersion using the
ChemicalDrift model to provide local boundaries for high resolution local scale modelling. Figure
10 depicts a general framework for water transport modelling (all steps), whereas regional scale

modelling using ChemicalDrift includes steps 1-3 in Figure 10.
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Figurel0. The concept for watenodellingframework; WWTPs indicates Wastewater Treatment Plants.

ChemicalDrift model has been developed for this project by Aghito et al. (2023). It is integrated in
the open-source Lagrangian framework OpenDirift, and the first version was developed for organic

compounds and heavy metals.

The supported chemical processes of ChemicalDrift include degradation, volatilization and
partitioning between the different phases that a target chemical can be associated to in the aquatic
environment, e.g., dissolved, bound to suspended particles, or deposited to the seabed
sediments, as shown in Figure 11. The dependencies of the chemical processes on changes of
temperature, salinity, and particle concentration, are formulated and implemented. The chemical
fate modelling is combined with wide support for hydrodynamics by the integration within the
Lagrangian framework which provides, e.g., advection by ocean currents, diffusion, wind induced

turbulent mixing, and Stokes drift generated by waves.
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Figure 11. The model compartments implemented in ChemicalDrift and the corresponding exchange processes and
transfer rates. The default (dissolved, adsorbed to SPM and sediments) compartments are indicated with solid
contours. Optional compartments are depicted with dashed contours.

A flexible interface compatible with a wide range of available metocean data is made accessible
by the integration, making the tool easily adaptable to different spatio-temporal scales, and fit for
modelling of complex coastal regions. Further inherent capabilities of the Lagrangian approach
include the seamless tracking and separation of multiple sources as, e.g., pollutants emitted from
ships or from rivers or water treatment plants. The model includes a database of chemical
parameters for a set of polyaromatic hydrocarbons, and a database of emission factors for
different chemicals found in discharged waters from sulfur emission abatement systems in marine
vessels. A post-processing tool for generating mean concentrations of a target chemical, over
customizable spatio-temporal grids, is provided. ChemicalDrift is a flexible, freely available, and
open-source tool for chemical fate and transport, that can be applied to assessment of the risks

of contamination by organic pollutants in the aquatic environment.

While the atmospheric component of the impact studies has achieved a high degree of
homogeneity in terms of the atmospheric circulation and dispersion models being used, this is not
the case for the marine component. The diversity of the model suites used is dictated by the
specific marine conditions that require numerical models of different characteristics and
computing requirements for study scales. For example, while the Eastern Mediterranean case
study includes a relatively deep basin with moderate stratification, the Northern Adriatic case
study focuses on a semi-enclosed basin whose circulation dynamics are mainly determined by its
low bathymetry, atmospheric forcing, and by freshwater discharges from the main rivers along

the Italian coast. The Oresund case study describes a strait with extremely high stratification and
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very strong currents.

2.5.4. Delft3D

Two case-studies were selected in the Eastern Mediterranean: The Saronikos Gulf in the Aegean
Sea and the Venice lagoon in the Northern Adriatic. The former is a relatively deep coastal basin
with moderately stratified waters, consisting of the southern boundary of the major metropolitan
area of Athens and under the influence of the maritime traffic from and to the port of Piraeus.
Contrary to Saronikos, the Venice lagoon is a shallow, well mixed most of the time coastal
embayment, separated from the open sea by a series of islets, influenced by riverine waters and
by mostly cruise-line traffic. The different geographic and oceanographic characteristics of the

two basins imposed different modelling approaches for the marine environment.

In Saronikos Gulf, a full three-dimensional numerical simulation was selected, both for the
physical (ocean circulation) and the water quality modelling. To that aim, the model-suite Delft3D
was selected, of which the Delft3D-FLOW model was used for simulating the circulation of the
Gulf, and the Delft3D-WAQ (WAter Quality) biogeochemical model was used to simulate the fate
of the various pollutants introduced to the marine environment. A very similar approach, using the

Delft3D model suite, has also been adopted in the Aveiro case study.

Delft3D-FLOW: This numerical model, used to simulate the state and circulation of a coastal
region is a primitive-equation model solving the Navier-Stokes equations of water flow using the
finite differences approach (Deltares Systems, 2023a). The model was adopted to cover the
Saronikos Gulf, with a horizontal resolution ranging from 300 to 1400 m in the horizontal, and a
vertical resolution determined by 20 sigma-layers (Kolovoyiannis et al., 2023). The Copernicus
circulation hindcast, along with two locally developed regional-scale models (Mamoutos et al.,
2021; Petalas et al., 2022) were used to provide the most suitable lateral boundary conditions
that would lead to the most faithful simulation to 2018 observations. Atmospheric forcing was
provided by the Aristoteles University of Thessaloniki in the framework of their contribution to this

project.

Delft3D-WAQ: The Water Quality module of the Delft3D model suite, covers the basic marine
biogeochemical processes of the, while being able to simulate the fate of a range of pollutants in
the coastal environment (Deltares Systems, 2023b). Nutrients (NO3, NH4, DON, PO4, DOP, Si),

and phytoplankton (diatoms, non-diatoms) have been simulated by the geochemical component
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of Delft3D-WAQ, while the background concentrations of five trace elements (Cadmium, Nickel,
Copper, Zinc, Lead) and four PAHs (Benzo(a)pyrene, Fluoranthene, Pyrene, Anthracene) have
been reproduced by the model. To improve the assessment of gas exchanges through the air-
sea interface, the model SWAN (The Swan team, 2013-2023) was used to simulate wind waves
(Boojj et al., 1999; Ris et al., 1999) and the model FUGAS (Vieira et al., 2013, 2018) to assess

the fluxes of NOy and SOy through the air-water interface.

The Venice case study uses the SHYFEM model for water circulation and the Chemical Drift to

assess the impact of the pollutants on the marine environment.

SHYFEM is a finite element, unstructured hydrodynamic model (Bellafiore and Umgiesser, 2010)
covering the whole of the Adriatic Sea and its main coastal lagoons (Marano-Grado, Venice, and
the Po River delta). To adequately resolve the riveri sea continuum, the unstructured grid also
includes the lower part of the major rivers flowing into the Adriatic Sea. The numerical grid consists
of approximately 110,000 triangular elements with a resolution that varies from 5 km in the open
sea to a few hundred metres along the coast and to tens of metres in the inner lagoon channels
(Ferrarin et al., 2019).

Dilution approach.

Modelling of the fate of shipping discharges in the marine environment in the regional scale
focused on simulating the environmental fate of single chemicals (benzo-a-pyrene, fluoranthene,
cadmium, and lead), thus investigating shipping contribution to the long-term overall exposure of

the coastal environment to these contaminants.

On the other hand, the results of an ecotoxicological test showed evidence of adverse effects on
several marine organisms of EGCS effluent tested as a whole-effluent and based on these results
a Predicted No Effect Concentration (PNEC) has been derived. Thus, the impact of the EGCS
effluent on marine organisms has been determined at various dilution ratios based on these
controlled ecotoxicological laboratory experiments. The assessment of the impact of EGCS
effluent on the various case studies based on these ecotoxicological results requires a novel
analytical approach that would enable us to assess the level of EGCS effluent dilution based on
the results of the biochemical / water quality models (such as Delft3D-WAQ or Chemical Drift).
Therefore, a synthetical approach to estimate persistence of the effluent as a homogeneous

mixture in the environment is necessary, to derive a Predicted Environmental Concentration
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(PEC) of the whole effluent (expressed as dilution rate) comparable to the available PNEC.

Figure 12. Dilution of discharges in ship wake, image from Nylund (2021)

The dominant process in reducing the concentration of EGCS effluent as soon as it is released in
the marine environment is turbulent mixing (Figure 12). Then, as time passes, the intensity of
mixing is gradually reduced in the wake of each vessel and biogeochemical processes (e.g.,
partitioning between water and suspended particles, sinking of particle-bound chemical,
degradation, volatilization, biochemical processes) take over in determining different rates of
concentration decay for each pollutant.

At the initial, fAturbulento stage of theEGPI esence

effluent with ambient seawater causes a rapid decay of the concentrations of all elements of the
initial mixture, however the relative concentrations (between each-other) in the mixture remain
the same. On the contrary, at later stages, when different biogeochemical processes take over
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for each element, the relative concentrations will start to diverge.

Thus, if we quantify the relative decay ratio of the "@h element of the effluent mixture as ((Eq 2)

0 6 ahodoho (Eq 2)

where 0 the concentration of the element in the EGCS effluent aboard the ship prior to its

introduction to the marine environment, and 6 «ftdofd the concentration of the same element
at the position afuft and time o in the wake (or, out of the wake) of the ship(s), then the degree
of fconsistency similarityo of t h e efflaentecan ba t t hat
guantified by the variance of the normalized decay ratios of all the elements comprising the

effluent mixture ((Eq 3)

, O cfufoldp —B —h: o, (Eq 3)

where 0 the number of effluent mixture compounds examinedand O cfufdtdo t he fibest o est i
of the dilution of the mixture. We have chosen to use the decay ratio of Cadmium as the best
estimate of 'O due to its minimal biogeochemical activity relative to the other compounds. The
above measure of consistency similarity is expected to exhibit very low values during the turbulent
mixing stage of the EGCS effluent presence in the marine environment, and to continuously rise
when the dilution ratios start to diverge due to different biogeochemical processes acting on the
different compounds. Examples of the clarity of the use of this measure are shown in Figure 13,
where the transition from turbulence to biogeochemical processes (and, consequently, from a
homogeneous effluent mixture to an inhomogeneous mixture of pollutant compounds) is reflected

by the abrupt start of rising values of the variance.
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Figure 13. Scattergrams of normalised variance of pollutants dilution indices vs Inverse Cd dilution index, in logio scale
for the Saronikos Gulf case study: snapshots during 10-days experiments for Jan 2018 (a and c) and Jul 2018 (b and
d).

Having developed this measure of homogeneity of the effluent mixture, we can estimate both the
spatiotemporal variability of dilution rates and exposure of marine organisms to different levels of

dilution, providing a direct link to the results of ecotoxicological experiments.
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Figure 14. Variance of EGCS effluent after 1 (a), 24 (b), 72 (c), and 240 (d) hours after discharge into the water column
on June 10", 2018.

As an example, Figure 14 shows the variance maps obtained for the discharge of EGCS effluent
in the Northern Adriatic case study for June 10", 2018. Similar simulations were carried out also
for the other EGCS effluent discharges simulated during the rest of the year show similar results
(Figure 15). The simulations showed how, given the water currents and meteorological conditions
of the case study area, the effluent forms a shipping lane about 2.5 km wide one hour after

discharge, then reaching about 20-30 km before transforming into its separate components.

If a variance threshold of 0.1 is used, most of the EGCS effluent could be considered as degraded
within four days. The period when EGCS effluent dispersion is mainly controlled by mechanical
mixing (time_mix) varied between 2 and 20 hours, then first order degradation phenomena

became prevalent with an estimated half-life of 8-16 hours.
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However, these estimations are dependent on the variance threshold considered, thus we present
also the results obtained by changing the value of the variance threshold between 0.02 and 0.5
(Table 7), leading to the presence of EGCS effluent lasting up to 6-9 days.

Table 7. The time when EGCS effluent dispersion is mainly controlled by mechanical mixing (time_mix) and effluent
half-life calculated using a variance threshold ranging between 0.02 and 0.5.

Variance threshold

0.02 0.05 0.1 0.2 0.5
time_mix (hours) 2-10 2-17 2-20 7-50 10-58
half-life (hours) 2-6 5-10 8-16 13-30 32-94

Scrubber water amount with less than 10.0 % variance
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Figure 15. Percentage of residual EGCS effluent after a single discharge modelled for the highest EGCS
effluent discharge occurring each month in the Northern Adriatic case study for 2018 (variance threshold of
0.1)

These results show how this approach can be used to estimate the environmental fate of complex

mixtures after their discharge into the water column, thus providing a direct link between
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environmental exposure estimation and ecotoxicological information based on whole effluent

testing procedures.

2.55. Merlin-EXPO

To explore the possible effects of changes in marine contamination on the potential
bioaccumulation by aquatic organisms, bioaccumulation modelling has been performed to
simulate the change in tissue concentrations of mussels considering the 2050 future scenarios.
For this purpose, the MERLIN-Expo software toolbox (Ciffroy et al., 2016) has been used, as it
provides the user with a library of flexible and freely combinable models to simulate environmental
fate and biota exposure to different classes of chemicals (including both organic contaminants
and metals) over time. The models for aquatic bioaccumulation implemented in MERLIN-Expo
(generic models for Aphytopl ankt ono, flaqua
bioaccumulation from the dissolved phase and from food (Giubilato et al., 2016) and can be used
to describe the time-course of the internal concentration dynamics in different organisms. For the
EMERGE work, the simplified trophic chain reported in Figure 16 has been used to simulate the
internal concentration of benzo[a]pyrene, fluoranthene, cadmium and lead of mussels feeding on
phyto- and zoo-planktonic species. Several parameters need to be set according to the target
species and chemicals: general physiological parameters (e.g., allometric exponent, fraction of
assimilated food), specific physiological and ecological parameters of modelled biota species
(e.g., weight, length, diet preferences), chemical-specific parameters (e.g., Kow, bioconcentration
factor). Model parameterisation were as in Giubilato and Radomyski et al. (Giubilato et al., 2016;
Radomyski et al., 2018). The selected model configuration has been calibrated using daily water
concentration data provided by ChemicalDrift model for the baseline scenario 2018 and measured
concentrations in mussels in coastal areas, monitored according to the Italian decree n.152/2006

(Italian parlament, 2006).
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2.6. Emission and discharge scenarios

For the impact analysis, the year 2018 was chosen as the baseline, because this represented the
best compromise considering the availability of weather, oceanographic, air emission and water
discharge data. However, it should be noted that the selection of 2018 as the baseline year
reflects the situation before the significant increase of EGCSs in the global ship fleet which
happened in 2019-2021 when ship owners adjusted their compliance strategy for the global 0.5%
Sulfur cap. The number of ships equipped with EGCS and sailing the regional seas increased
significantly over the last few years. In 2018, which is the baseline study year of EMERGE, only
178 vessels with an EGCS were identified (Figure 17, top left) in the Baltic Sea area. Based on
these numbers, it can be concluded that the Baltic Sea EGCS fleet has more than quadrupled in
size since 2018. A similar increase was observed for the North Sea fleet (Figure 17, top right),
and for the Mediterranean Sea the increase of EGCS vessels was the largest of the studied

regions (Figure 17, bottom).
The global EGCS fleet is over 4800 vessels. Any cost calculation of economic viability of

EGCS should be done at global level and include all routes, regardless of location. Usually,

the incentive to install and use an EGCS is the cost saving, which can be achieved by using
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cheaper high-sulfur HFO instead of switching to more expensive low-sulfur distillate fuels. The
price difference between the 0.1% distillate fuel and the high sulfur residual fuel oil was about
300 USD/tonne in October 2023 (Ship & Bunker, 2023).
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Figure 17. EGCS installations in the Baltic Sea (top left), North Sea/English Channel (top right) and the Mediterranean
Sea (bottom) fleet by equipment type. For an unknown equipment type, an open loop system is assumed, because this
is the most common option.

The scenarios developed for this work consist of eight potential future developments using the
DNVGL report (Endresen et al., 2019) for traffic growth rates and transport work definitions (Table
8). In this work, scenarios from one to four vary with the assumptions of SCR and EGCS usage
and in ship traffic growth. These four scenarios are not compliant with the initial IMO GHG strategy
of 50% reduction of GHG emissions from ships, whereas scenarios five through eight are in line
with it. Scenarios 3a, 3b and 8 were selected for impact assessment work, because they represent

the highest and the lowest environmental pressures from EGCS perspective.

Additionally, Scenario 3 assumes A European Emission Control Area for NOx and SOy to be

established within the Exclusive Economic Zone borders.
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Figure 18. The European ECA assumed by Scenario 3.

Scenario 1 (S1) is a high-pressure scenario. The maritime transport development is high, there
are no further measures to reduce the use of fossil fuels in shipping other than those already
decided today, there is significant use of open-loop EGCS and high use of SCR in existing NECA
areas (Baltic/North Sea).

Scenario 2 (S2) is the same as S1 but instead of open-loop EGCS the same ships are assumed
to have EGCS which operate in closed-loop mode.

In Scenario 3 (S3) we use the same assumptions as in S1 and that sulfur and nitrogen oxide
emission control zones are introduced in all European sea areas. Scenario 3a uses open loop
and Scenario 3b the closed loop EGCS as the default compliance option. Scenario 3 was selected
for future impact assessment studies, because it includes the most EGCS installations and thus

represents a high-pressure scenatrio.

In Scenario 4 (S4) there is low development of ship traffic and more use of natural gas for short-

sea shipping but otherwise identical to S1

Scenario 5 (S5) is a low-pressure scenario. There is low development of ship traffic, measures
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are assumed to be in place for shipping to reach the IMO objective of a 50% reduction in the

emissions of green-house gases by 2050, there is no use of EGCS and low use of SCR.

For Scenario 6 (S6) we assume high development in ship traffic, measures in place to reach the

IMO 50% goal, high use of EGCS operating in open loop mode, and high use of SCR.

Scenario 7 (S7) is like S6 but with low use of both EGCS (operating in open loop mode) and

SCR.

Scenario 8 (S8) is an LNG scenario. It has the same assumptions as S7 but with an extensive

use of LNG in Europe. In this scenario, there is no need for EGCS since the use of low-sulfur

liquid fuels, LNG and methanol obviates the need of SO, abatement.

Table 8. Overview of EMERGE scenarios. Those with grey background were selected for future assessment of

impacts.

Scenario | DNVGL EGCS SCR Low sulfur | GHG origin | Alternative

number | scenario scenario fuel

1 High growth High NECA SECA Fossil fuel

2 High growth High NECA SECA Fossil fuel

3 High growth High All of | All of | Fossil fuel

Europe Europe

4 Low growth High NECA SECA Fossil fuel | LNG (SSS)

5 Low growth No HFO None SECA 50% Methanol
renewable

6 High growth High NECA SECA 50% Methanol
renewable

7 High growth Low None SECA 50% Methanol
renewable

8 High growth No HFO None SECA 50% LNG &
renewable | Methanol

SSS=ShorSea Shipping; High growth and Low growth refer to DNVGL definitions for different ship

types.
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Transport work in the low-growth (left) and high-growth (right) scenarios.
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Figure 19. Transport work development in low- and high-growth scenarios, according to DNV GL (Endresen et al.,
2019). Traffic growth rates defined for each ship type separately in STEAM were made to match the definitions of
DNVGL for different decades. Image from DNVGL Maritime Forecast to 2050 report.
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Figure 20. Fuel mix in 2050 (as fuel heat content in MJ) in different scenarios.
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Our focus is on emission abatement equipment and consequences of secondary emissions. Thus,
we have focused the scenario work on these parameters together with the development of marine
fuels and propulsion systems. Therefore, we have chosen to adopt the scenarios describing the
development of transport demand and development of ship size and energy efficiency. The
scenarios were developed according to the DNVGL Energy Transition Outlook - Maritime

Forecast report (Endresen et al., 2019).
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3. Pressures
3.1. Baseline 2018

Before the introduction of the global 2020 sulfur cap of 0.5%, most of the EGCS discharges were
concentrated on SOy ECAs and European sea regions where additional sulfur regulation was in
effect for passenger traffic on a regular schedule (European Parliament, 2016). In Figure 21,
spatial distribution of the discharges from open loop EGCS is presented. After the decision taken
in MEPC70 to lower the global sulfur limit to 0.5% (by weight), significant increase in the ships
equipped with EGCS was observed and the spatial distribution of EGCS discharges became
global. In 2018, which is the baseline year of this study, represents the time before the significant

increase of EGCS effluent discharge from vessels (Figure 22).
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Figure 21. Discharge of open loop EGCS effluent from the global fleet in 2014 (top left), 2018 (top right) and 2022
(below). All values are given in litres of effluent discharged per map grid cell. In 2014, EGCS effluents were mostly
discharged in Baltic Sea/North Sea area. After the introduction of the North American ECA, EGCS effluent discharges
were increased in that area. In 2022, EGCS effluents are discharged globally.

In 2022, the global EGCS effluent discharge volumes exceeded 18 gigatonnes, of which 99.99%
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was from open loop systems. It should be noted that these volumes were calculated using a
higher discharge rate, 90 m®* MWh! for open loop and 0.45 m® MWh for closed loop, than the
normalised rates (45 and 0.3 m® MWh™). According to the review made by Teuchies et al (2020),
higher discharge rates are justified. For the baseline 2018 studies reported in this work, and the
impact studies, global discharges were about 718 million tonnes of which two thirds occurred in

European sea areas.
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Figure 22. Global discharges from EGCS during 2014-2022. The adoption of the global Sulfur cap of 2020 motivated
a significant increase in EGCS usage.

3.1.1. Regional

3.1.1.1. Baltic and the North Sea area

Volume of EGCS discharges were estimated using the STEAM model, and discharge rate of 90
m3 MWh? from open loop and 0.45 m® MWh? from closed loop systems were used in the
modelling. For 2018, the estimated volumes of effluent discharge by sea region are given in Table
9 and the spatial distributions of effluent discharge from open loop systems are depicted in Figure
23 and Figure 24.

In Figure 23, for the Bothnian Bay, the northernmost part of the Baltic Sea area, use of open loop
EGCS is not predicted. The low alkalinity of seawater in the Bothnian bay area (Miller et al., 2016)
would require significant increase in effluent volume (OCIMF, 2016) and vessels are thought to

switch to low sulfur fuels or use closed loop mode of EGCS in this area. In the modelling of
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discharges, we have attempted to include relevant area definitions for open loop EGCS discharge
ban areas. However, the requirement for such an area in the model requires that there is an
existing, well documented decree from a relevant maritime authority which includes a definition
of the area and a starting date. Also, for these areas, ban of open loop discharge is required to
be compulsory. There are several examples of local recommendations not to discharge EGCS
effluent from open loop systems, but since these are not compulsory open loop effluent discharge
is allowed in STEAM.

Table 9. Discharges of EGCS effluents in the Baltic Sea and the North Sea areas in 2018

Area Open loop (million tonnes) | Closed loop (million tonnes)
Baltic Sea 192 0.2

North Sea and the English | 170 0.02

Channel
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Figure 23. Spatial distribution of EGCS effluent discharges from open loop systems in 2018 in the Baltic Sea
area. The unit of discharge is litres per map grid cell.

Open loop EGCS discharge (liters/cell) Cell area at center: 34.761 km2
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Figure 24. Spatial distribution of EGCS effluent discharges from open loop systems in 2018 in the North Sea and
the English Channel. The unit of discharge is litres per map grid cell.
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The discharge volumes modelled were combined with the water analysis from earlier work, and
onboard sampling of this project. It should be noted that the discharge rates were not modelled
as normalised values, which requires that determined contaminant concentrations of laboratory
analysis are used, not normalised concentrations. This approach ensures that the mass fluxes of
the total effluent discharge are correctly represented.

Considering environmental pollution from shipping, both direct discharge from ships to the sea
and indirect contribution through atmospheric deposition need to be considered. However, the
description of the contribution of atmospheric deposition in case of contaminants is challenging
because the compounds relevant for water pollution are not routinely reported as part of
atmospheric emission inventories. This means that emissions from other sources than shipping
for PAH16 or various metals may not be readily available, even if they can be estimated for ships.
Air emission inventories from other sectors than shipping are available for less than half of the
compounds listed in Table 10. This is a good reminder that for air quality impact assessments, a
very different set of compounds may be relevant than for water pollution impacts (Table 11).
Consecutive impact studies must include all relevant contaminants, otherwise they will not be

representative of the full effect from relevant substances.

Table 10. Total mass of contaminants emitted to the air in different sea regions in 2018.

Contaminant Baltic Sea area, tonnes | North Sea and the English
Channel, tonnes
Arsenic 0.3 0.7
Cadmium 0.1 0.2
Chromium 0.6 1.2
Copper 0.7 14
Iron 4.6 8.2
Mercury 0.0 0.0
Nickel 1.8 2.1
Lead 0.4 0.8
Vanadium 3.4 3.9

70



Zinc 6.2 12.1
Naphthalene 6.8 8.1
Acenaphthene 0.1 0.1
Acenaphthylene 0.1 0.2
Fluorene 0.1 0.2
Phenanthrene 0.6 0.9
Anthracene 0.0 0.0
Fluoranthene 0.1 0.3
Pyrene 0.1 0.2
Benzo[a]anthracene 0.0 0.1
Chrysene 0.2 0.3
Benzo[b]fluoranthene 0.0 0.1
Benzo[k]fluoranthene 0.0 0.1
Benzo[a]pyrene 0.0 0.1
Dibenzo[a,h]anthracene 0.0 0.0
Benzo[g,h,i]perylene 0.0 0.1
Indeno([1,2,3-cd]pyrene 0.0 0.1

Table 11. Total mass of contaminants discharged to the sea in different sea regions in 2018.

Contaminant

Baltic Sea area, tonnes

North Sea and the English
Channel, tonnes

Arsenic 1.3 1.2
Cadmium 0.16 0.15
Chromium 3.0 2.5
Copper 7.5 6.6
Iron 46 41
Mercury 0.015 0.014
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Nickel 9.4 8.1
Lead 1.8 1.6
Vanadium 34 30
Zinc 21 19
Naphthalene 0.53 0.47
Acenaphthene 0.036 0.032
Acenaphthylene 0.025 0.022
Fluorene 0.088 0.078
Phenanthrene 0.29 0.26
Anthracene 0.015 0.014
Fluoranthene 0.031 0.027
Pyrene 0.061 0.055
Benzo(a)anthracene 0.025 0.022
Chrysene 0.036 0.032
Benzo(b)fluoranthene 0.008 0.010
Benzo(k)fluoranthene 0.002 0.002
Benzo(a)pyrene 0.010 0.01
Dibenzo(a,h)anthracene 0.006 0.005
Benzo(g,h,i)perylene 0.004 0.003
Indeno([1,2,3-cd]pyrene 0.013 0.012

Input of metals and nutrients from atmospheric deposition

In Table 12 and Table 13 the input of metals to the Baltic Sea, North Sea, and English Channel,
simulated with atmospheric chemistry transport models is presented. It should be noted that these
deposition data represent total shipping contribution, and not just the ship emissions from ships
sailing the Baltic Sea or the North Sea areas. Emissions from ships sailing the Norwegian Sea,
or further, can be carried to the Baltic Sea/North Sea areas through atmospheric transport. In

Table 12, deposition of Pb and Cd from shipping in 2018 is presented together with the total
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atmospheric deposition of these metals in 2018. The table shows that shipping-related part of the

total deposition is negligible, but this analysis can only be made for some metals because

emission data from other sources than shipping is not available. Low contribution from ship

emitted metals is due to the shift to low sulfur fuels and the use of EGCS in the SECA sea regions.

This is also clearly visible on the deposition map for 2018 in Figure 25, with a distinct difference

of high deposition of metals at the western entrance to the English Channel. Metals and PAHs

are partly washed to the sea with the EGCS effluent instead of being emitted to the air.

Table 12. Annual mean deposition of Pb and Cd (tonnes year?) during 2018 baseline in the Baltic Sea, North Sea,
and English Channel. Mean values of EMEP and SILAM model simulations, * shows results from the SILAM model

only.
Shipping contribution
Sea Total deposition*
(tonnesl/year) Absolute Relative (%)
(tonnes/year)
Annual lead deposition
Baltic Sea 60 7.21E-03 0.01%
North Sea 72 1.85E-02 0.03%
English Channel 8 7.71E-03 0.09%
Annual cadmium deposition
Baltic Sea 3.4 3.85E-04 0.01%
North Sea 3.9 9.88E-04 0.03%
English Channel 0.4 4.12E-04 0.11%

Table 13. Annual deposition of metals from shipping (tonnes year?) in the Baltic Sea, North Sea, and English
Channel for 2018, mean values of EMEP and SILAM model simulations (column 2-4).

Atmospheric deposition from shipping (tonnes/year)

Metal
Baltic Sea area North Sea English

Channel
Arsenic 4.94E-03 1.27E-02 5.29E-03
Cadmium 3.85E-04 9.88E-04 4.12E-04
Chromium 1.28E-02 3.29E-02 1.37E-02
Copper 1.54E-02 3.95E-02 1.65E-02
Iron 1.5 4.0 1.6
Mercury 3.85E-04 9.88E-04 4.12E-04
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Atmospheric deposition from shipping (tonnes/year)
Metal

Baltic Sea area North Sea English

Channel

Nickel 2.5 6.4 2.7
Lead 7.09E-03 1.82E-02 7.58E-03
Vanadium 5.1 13.0 5.4
Zinc 0.15 0.38 0.16

Deposition [mg/m?]

Ash As Cd & Cu Fe Hg Ni Pb v Zn,
14 1.1E-4| 8.8E-6 | 2.9E4 | 3.5E-4 | 3.5€-2 | 8.8E-6 | 5.7E-2 | 1.6E-4 | 1.2E-1 | 3.4E-3
12 9.7e-5 | 7.6E-6 | 2.56-4 | 3.0e-4 | 3.0e-2 | 7.6E-6 | 49E-2 | 1.4E4 | 1.0e-1 | 2.9E-3
1 8.1E-5 | 6.3-6 | 2.1E-4 | 2.5E-4 | 2.5€-2 | 6.3E-6 | 4.1E-2 | 1.2E-4 | B.3E-2 | 2.4E-3
08 6.5€-5 | 5.0e-6 | 1.7E-4 | 2.0e-4 | 2.0e-2 | 5.0e-6 | 3.3E-2 | 9.3E-5 | 6.6E-2 | 1.9e-3
06 49E-5 (3866 13E4 | 1.56-4 | 1.56-2 | 3.86-6 | 2.56-2 | 7.0E-5 | 5.0e-2 | 1.56-3
04 3.26-5 | 2.5E-6 | 8.4E-5 | 1.0e-4 | 1.0e-2 | 2.5E-6 | 1.6E-2 | 4.6E-5 | 3.3E-2 | 9.7E4
0.2 1.66-5 | 1.3E-6 | 4.26-5 | 5.06-5 | 5.06-3 | 1.3E-6 | 8.2E-3 | 2.3E-5 | 1.7E-2 | 4.864
0 0 0 0 0 0 0 0 0 0 0

Figure 25. Contribution of shipping to the atmospheric deposition of ash particles and metals (in milligrams m?) in
Europe in 2018, 2050 S3 and 2050 S8 scenarios simulated with the EMEP model.

Table 14 shows input of nitrogen and sulfur to the sea as a model mean of SILAM, EMEP and
CMAQ models deployed in EMERGE. Contribution of shipping to the total N deposition in the
region is 13-16%. In 2050 scenarios the relative shipping contribution decreases to 6-7% in S3
and 7-12% in S8. Contribution from the atmospheric deposition is dominating the contribution of
N from shipping to the sea in 2018, the contribution is 99%. In 2050 scenario S3 the relative
significance of input of N from the EGCS effluent increases to 13-14%. In the S8 scenario no
releases of EGCS effluent are predicted. Other important shipping-related sources of nitrogen are
discharges of sewage and food waste, these are, however, much lower than atmospheric

deposition. Regarding the sulfur deposition, in 2018 both the absolute and the relative
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contributions of shipping are increasing from the Baltic Sea to the North Sea and the English
Channel with decreasing distance to the sea regions without SECA limit on fuel sulfur content. In
2050 the shipping contribution to sulfur deposition decreases by 40 - 70% compared to year 2018,
however, the relative contribution increases as the land-based sulfur emissions decrease even
more. In the S8 scenario the decrease in absolute shipping contribution is almost 90% and the

relative contribution to S deposition decreases.

Table 14. Annual deposition of total nitrogen (oxidised + reduced, Ntot) and sulfur (S) on the Baltic Sea, North Sea,
and English Channel in kt/year in 2018. Mean values of EMEP, SILAM and CMAQ model simulations.

Total Shipping contribution (kt/year) |Atmospheric deposition
S deposition from shipping rel.
ea L .
(12000 shipping deposition plus
tonnes y1) |Absolute (1000 | o o Total | EGCS effluent discharges
tonnes y1)

Annual Ntot deposition

Baltic Sea 171.5 22.9 13.4% 98.8%
North Sea 284.3 42.1 14.8% 99.5%
English Channel 46.9 8.3 17.7%

Annual S deposition

Baltic Sea 70.4 2.9 4.2%

North Sea 85.3 7.6 8.9%

English Channel 14.7 4.1 28.1%

Loads of metals and PAHSs to the Baltic Sea from shipping relative to other sources The
load of PAHs (16 US EPA priority PAHs) and metals (As, Cd, Cr, Cu, Pb, Hg, Ni, V and Zn) from
atmospheric deposition, riverine inputs, point sources (coastal industries and wastewater
treatment plants), maritime shipping and leisure boating to the Baltic Sea were calculated based
on data from various sources (see Figure 26 and Ytreberg et al., 2022) for a thorough description
on data sources used and methodology applied). A simplified extrapolation method was used to
estimate loads of atmospheric emissions and deposition fluxes since only Cd, Cu, Hg, Pb and
benzo[a]pyrene are included in EMEP chemistry transport model on the Baltic Sea scale (Gauss
et al., 2020). Hence, annual atmospheric loadings of metals and PAHs to the surface water of the
Baltic Sea were calculated by extrapolating the deposition fluxes of 9 metals (including Pb, Cd, V
and Ni) and 12 PAHs (including fluoranthene and benzo[a]pyrene) at Swedish background

stations to the surface area of the Baltic Sea subbasins (see Ytreberg et al. 2022). National data
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of annual riverine input of metals reported by the HELCOM contracting parties were collected for
the period 20151 2017 (HELCOM, 2022).

Atmospheric
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Figure 26. Direct discharges and atmospheric deposition of metals and PAHSs to the Baltic Sea. Grey text in italic
indicates substances and sources where data is lacking and thus not included. (From Ytreberg et al., 2022)

The loads of metals from point sources with outlets directly to the coast were compiled from
HELCOM PLC7 (HELCOM, 2022). The data includes loads from industrial point sources and
larger coastal municipal wastewater treatment plants (WWTPs) during the period 20167 2018. In
the load compilation, all inputs from atmospheric deposition, rivers and point sources are
expressed as annual inputs and represent the period between 2015 and 2018. This implies that
in all future EMERGE scenarios for 2050, the loads the atmospheric deposition, rivers and point
sources will remain the same as in 20157 2018 while the emissions from shipping will change due

to different policy measures and assumptions in shipping development.

The total annual load of Ni to the Baltic Sea region in 2018 was 700 tonnes (Figure 27A), of which
direct discharges from open loop EGCS accounted for 11.4 tonnes (1.7%). The input from EGCS
is considerably higher in scenario 3 (2050), accounting for 84 tonnes of Ni (or 10.5% of the total

input). For Cd (Figure 27B), the total annual load to the Baltic Sea region in 2018 was estimated
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to be 26 tonnes and the contribution from EGCS effluent was 0.2 tonnes (0.7%). Similarly to Ni,
the share of Cd from EGCS compared to the total input increased significantly in Scenario 3 from
0.7% to 5.2%. For Pb (Figure 27C), less than 1% of the total input originated from EGCSs in 2018.
The share from EGCSs increased to 5.3% in scenario 3 (2050).
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Figure 27. Comparison of loads (tonnes/ year) of Ni (A), Cd (B), Pb (C) and V (D) from rivers, atmospheric deposition,
direct point sources, open loop EGCS, closed loop EGCS and other sources of shipping (bilge water, sewage, and
greywater) to the Baltic Sea region in 2018 and different shipping scenarios for 2050. For V, riverine input and point
sources were excluded due to insufficient data coverage (only Sweden).

For V (Figure 27D), riverine input is only available from Swedish rivers and no country reported
inputs from coastal point sources. Thus, a thorough load compilation was not possible to perform
since the assessment is limited to inputs from shipping and atmospheric deposition. Nonetheless,
open loop EGCSs were found to discharge 41 tonnes of V in 2018, which is higher compared to
the atmospheric deposition (31 tonnes) and like the riverine input from Swedish rivers (47 tonnes).
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The load in 2050, according to scenario 3 from open loop EGCSs, is as high as 297 tonnes of V,
while the closed loop mode scenario (scenario 3b) showed lower inputs (80 tonnes).

Loads of metals and PAHSs to the North Sea from shipping relative to other sources

Inputs of metals and PAHs from shipping to the North Sea were estimated using STEAM. Load
of metals and PAHS in riverine input and direct discharges from industries and WWTPs to the
North Sea was compiled from the Riverine input and direct discharges programme (RID) from
OSPAR (https://lwww.ospar.org/work areas/hasec/hazardous-substances/rid). RID aims to
monitor and assess all inputs and discharges of selected contaminants to the OSPAR maritime
area and its regions that are carried via rivers into tidal waters or are discharged directly into the
sea. Monitoring and reporting of the concentrations and load of relevant metals such as Cd, Cu,
Pb, Hg and Zn is mandatory for OSPAR member states. However, no country reports inputs of V
or PAHSs. Here, we used the average yearly load of riverine input during a three-year period (2018
- 2020). The annual load of Pb and Cd to the North Sea is shown in Figure 28, and similarly to
the Baltic Sea an increase of open loop EGCS related load is estimated in scenario S3, while the

environmental pressure from EGCSs in Scenario S3b is very low (<0.1 tonnes/year).
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Figure 28. Comparison of loads (tonnes/ year) of Pb (A) and Cd (B) from rivers, direct point sources, open loop
EGCSs, closed loop EGCS and other sources of shipping (bilge water, sewage and greywater) to the North Sea
(OSPAR region) in 2018 and different shipping scenarios for 2050.
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3.1.1.2. Mediterranean Sea

All estimations of emissions and discharges from shipping were produced using the Ship Traffic
Emission Assessment Model (STEAM). Figure 29 shows the spatial distribution of total emissions
of particulate matter (PM2.5), methane (CH.), nitrogen oxides (NOy), and sulfur oxides (SOx) from
shipping in the EMERGE baseline year 2018. Air emissions of heavy metals and PAHs from

shipping in the Mediterranean Sea area are collected to Table 15 and for discharges to Table 16.
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Figure 29. Emissions of PM2s(top left), CHa4 (top right), NOx (bottom left) and SOx (bottom right) from shipping in
2018 (EMERGE baseline year). Data from STEAM. Note: different colour scales.
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Table 15. Air emissions of contaminants from ships sailing the Mediterranean Sea during 2018. The unit of emissions

is tonnes.
Contaminant Mass, tonnes Contaminant Mass, tonnes
Arsenic 3.6 Fluorene 14
Cadmium 0.8 Phenanthrene 6.8
Chromium 6.9 Anthracene 0.2
Copper 8 Fluoranthene 0.8
Iron 178.1 Pyrene 0.8
Mercury 0 Benzo[a]anthracene 0.7
Nickel 236.2 Chrysene 5.2
Lead 4.4 Benzo[b]fluoranthene | 0.5
Vanadium 476.3 Benzo[k]fluoranthene | 0.4
Zinc 71 Benzo[a]pyrene 0.5
Dibenzo[a,h]anthrace | 0.4
ne
Naphthalene 96.3 Benzo[g,h,i]perylene 0.6
Acenaphthene 1.9 Indenol[1,2,3- 0.4
cd]pyrene
Acenaphthylene 0.6

Table 16. Discharges of contaminants from ships sailing the Mediterranean Sea during 2018. The unit of emissions is

tonnes.

Contaminant Mass, tonnes Contaminant Mass, tonnes
Arsenic 0.58 Fluorene 0.038
Cadmium 0.07 Phenanthrene 0.13
Chromium 1.2 Anthracene 0.007
Copper 3.2 Fluoranthene 0.013

Iron 20 Pyrene 0.027
Mercury 0.07 Benzo[a]anthracene 0.011
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Nickel 3.9 Chrysene 0.016

Lead 0.76 Benzo[b]fluoranthene | 0.003
Vanadium 15 Benzo[k]fluoranthene | 0.001
Zinc 9.2 Benzo[a]pyrene 0.004

Dibenzo[a,h]anthrace | 0.002

ne

Naphthalene 0.23 Benzo[g,h,i]perylene 0.002

Acenaphthene 0.016 Indeno[1,2,3- 0.006
cd]pyrene

Acenaphthylene 0.011

As can be seen from Table 15 and Table 16, which describe the air emissions and discharges of
various contaminants from shipping, most of the contaminants are emitted to the air. For example,
in 2018 the amount of Nickel emitted to the air because of combustion of HFO was 236 tonnes,
whereas the corresponding amount in discharges was less than four tonnes. In 2018, EGCS
effluent discharge volumes were low because mainly passenger vessels on a regular schedule
were using EGCS in the area. However, in 2022, the balance of contaminants from air emissions
and discharges was shifted towards the discharges, because a lot more ships were using EGCS
to remove sulfur from ship exhaust. In 2022, Nickel emissions to the air were about 27 tonnes

from low sulfur fuels, whereas Nickel in EGCS effluent discharges was 70 tonnes.

Total EGCS effluent discharge volumes in the Mediterranean Sea are shown in Figure 30. In
EMERGE baseline year 2018, most of the EGCS effluent were released by passenger vessels
(Cruise, RoPax). After implementation of the global sulfur cap in 2020, most of the effluent was
released by container vessels (Figure 31) and the discharges were spatially distributed along the

economic exclusive zones of Spain, France, Italy and Greece (Figure 32).
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Figure 30. Discharges from EGCS in the Mediterranean Sea area during 2014-2022. In 2018, over 83 million tonnes
of EGCS effluents (83 million tonnes from open loop, 0.01 tonnes from closed loop) were discharged to the
Mediterranean Sea.
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Figure 31. EGCS effluent discharge from ships of various types sailing the Mediterranean Sea during 2014-2022
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Figure 32. The geographical distribution of open-loop EGCS water discharges in 2014, 2018 and 2022. Note the
change of scale maximum in each case.

Input of metals and nutrients from atmospheric deposition

In Table 17 and Table 18 the input of metals to the Mediterranean Sea, simulated with
atmospheric chemistry transport models, is presented. In Table 17 deposition of lead of cadmium
from shipping is presented together with the total atmospheric deposition of these metals. Table
18 shows deposition of all investigated metals from shipping, but only Pb and Cd can be given in
relation to other emission sources. Table 19 reports the shipping share of nutrients from total

airborne nutrient loading in European sea areas.
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Table 17. Annual mean deposition fluxes to the Mediterranean Sea of lead and cadmium in t/year. Mean values of

EMEP and SILAM model simulations, * shows results from the SILAM model only.

Shipping contribution

Metal Total deposition*
-1
(tonne y) Absolute Relative (%)
(tonne y-1)
Lead 328 3.14E-01 0.10%
Cadmium 10.2 1.67E-02 0.16%

Table 18. Annual mean deposition fluxes of metals from shipping in tonnes year? on the Mediterranean Sea for 2018,
mean values of EMEP and SILAM model simulations are shown.

Metal Atmospheric deposition from shipping (tonne y?)
Arsenic 0.22
Cadmium 0.017
Chromium 0.56
Copper 0.67
Iron 67
Mercury 0.017
Nickel 109
Lead 0.31
Vanadium 221
zZinc 6.4

Contribution of shipping to the total N deposition in the region is 24%. Also, in the Mediterranean

Sea the contribution from atmospheric deposition is dominating the contribution of N from shipping

to the sea in 2018. Regarding the sulfur deposition, in 2018 the shipping to the total deposition is

34%.

Table 19. Annual deposition of total nitrogen (oxidised + reduced) and sulfur (S) on European seas in kt/year in 2018.
Mean values of EMEP, SILAM and CMAQ model simulations.

Deposition 2018

Total deposition (1000
tonne y?)

Shipping contribution

Absolute (1000 tonne y?)

Relative total

Total N

652

154

24%

Total S

633

213

34%
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3.1.2. Case studies

In addition to regional studies of ship sourced pollution, several case studies were included in this
work. The onboard case study to collect and analyse samples of air emissions and discharges
represents one of the case studies. Further, there were five other studies (Oresund
(Sweden/Denmark), Solent (United Kingdom), Venice (ltaly), Piraeus (Greece), Aveiro (Portugal))
which were conducted to understand the local impacts of EGCS effluent discharges. Four case
studies were in the Baltic, North Sea, and the Mediterranean Sea study areas and three (Oresund,
Venice, Piraeus) included impact analyses for air emission and discharges which are reported in

this document.

3.1.2.1. Oresund Strait

The Oresund strait is one of two connections between the North Sea and the Baltic Sea and has
one of the busiest shipping lanes in the world (Figure 33). The case study provides analysis of
impacts of baseline 2018 and abatement scenario shipping in the strait on water and air quality.
The area is a transit fairway for all traffic entering or exiting the Baltic Sea, with several medium-
size ports located in a high densely populated area but also integrated in a high ecological
valuable area (both Natura 2000 and nature reserves). A detailed description of Oresund

hydrodynamics can be found in a separate report of this project.

Atmospheric emissions and discharges from STEAM were used as input to consecutive modelling
using both regional and local scale models for the transport of air (EMEP model) and water

pollutants (ChemicalDrift and MITgcm).
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Figure 33. Baltic Sea area (top) and the spatial distribution of EGCS effluent discharges from open loop systems in
the Oresund case study area during 2018

3.1.2.2. Eastern Mediterranean
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Figure 34. Location of the Eastern Mediterranean case study area (top) and the spatial distribution of EGCS effluent
discharge from the open loop systems in the Eastern Mediterranean case study area during 2018 (bottom).

The loads of selected pollutants in the Saronikos Gulf/Piraeus case study area for shipping were
based on the data from STEAM, in combination with the chemical characterisation data from
Section 2.2. Loads are differentiated to those from sources other than shipping directly discharged
in the sea (industrial activity, wastewater treatment plants, river runoff, etc.) as described in
Deliverable 4.3 and to those from shipping, whether through direct discharge or through
atmospheric deposition to sea surface (from SILAM atmospheric model output). Table 20
summarises these data as total annual mass loads for the trace metals Cadmium and Lead (in

tons/year) and the PAH species Benzo(a)pyrene and Fluoranthene (in kg/year) for the three.
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Table 20. Total annual mass loads for trace metals Cadmium and Lead (in tons/year) and PAHs Benzo(a)pyrene and
Fluoranthene (in kg year?) introduced in the Saronikos Gulf domain from both shipping and all other sources for the
baseline year 2018 and 2050 under the assumptions of Scenarios 3 and 8. For 2018, loads are differentiated into
contribution from shipping through direct discharges to sea surface (STEAM model output) and through atmospheric
deposition to sea surface (SILAM atmospheric model output).

Cadmium Lead Benzo(a)pyrene [Fluoranthene
(tonnes yt) | (tonnes y?) |(kgy™?) (kg yH)
Sources other than shipping |1.1 7.4 1002 1002.2
2018
STEAM discharges 0.0018 0.0197 0.1084 0.356
2018
Atmospheric deposition 0.0216 0.36 - =
2018
STEAM + 0.0234 0.3797 0.1084 0.356
Atmospheric deposition
2050 SCEN3
STEAM + 0.0672 0.8572 2.676 8.576
Atmospheric deposition
2050 SCENS8
STEAM + 0.0218 0.3656 0.0044 0.026
Atmospheric deposition

Several conclusions can be drawn from Table 20. Firstly, it becomes apparent that the
contribution of all other-than-shipping sources to total pollution loading is quite significant, as it is
calculated to be orders of magnitude larger than the contribution of shipping. However, it is
important to consider that sources other than shipping are located along the coastline and their
discharges take place at certain geographic locations. While shipping discharges/emissions take
place generally offshore, they are located along shipping lanes and can be quite diffused in the
case of atmospheric deposition. Secondly, atmospheric deposition of pollutants is calculated to

be an order of magnitude larger than direct shipping discharges to the sea for 2018.
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3.1.2.3. Northern Adriatic

The Adriatic Sea comprises three regional basins differing in latitude, bathymetry, physiographic
properties, and physical, chemical, and biological features. This EMERGE case study concerns
the Northern Adriatic Sea, a semi-enclosed basin whose boundary is conventionally defined at

the 100 m isobath. The case-study domain is illustrated in Figure 35.
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Figure 35. Area considered for the EMERGE Northern Adriatic Sea case-study.

The basin is narrow and shallow (average depth of 29 m), with a very short residence time (less
than 3.3 months on average)(Artioli et al., 2008). The hydrodynamic scheme is dominated by a
cyclonic circulation influenced by the Dalmatian current, ascending/rising along the Eastern coast
of the basin, and by the descending current along the Western coast. Physical properties and
circulation dynamics of the Northern Adriatic Sea are mainly determined by its low bathymetry,
atmospheric forcing, such as wind stress and heat fluxes, and by freshwater discharges from the
main rivers along the Italian coast. Tidal currents vary between 2 and 10 cm s and are amplified

up to 1071 20 cm s by wind action (Bellafiore and Umgiesser, 2010; Scroccaro et al., 2010).

The main freshwater inputs are on the western coast (due to important rivers such as Po, Adige,
Brenta, Piave, Isonzo, and Tagliamento), where slopes are gentler and muddyi sandy, while the
eastern coasts are steeper, rocky and reach greater depths, with the coastline characterised by
bays and deep fjords. In addition, temperature and salinity patterns are different between the
Eastern and Western coast (Russo and Artegiani, 1996). Consequently, the two sides of the
Northern Adriatic generally present different habitats for marine species.
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Table 21. Comparison of annual loads of chemical pollutants (kg) to the Northern Adriatic Sea basin from riverine

input and from shipping discharges in 2018. NA= Not Available.

Riverine load | Shipping load | Shipping contribution
(kg) (kg) to total (%)

METALS | As 1.30E+05 6.61E+01 0.05%
Cd 3.39E+03 1.41E+01 0.42%
Cr 8.15E+04 1.28E+02 0.16%
Cu 1.88E+05 1.14E+04 5.68%
Pb 6.03E+04 8.76E+01 0.15%
Hg 3.30E+03 4.53E-01 0.01%
Ni 1.65E+05 1.68E+03 1.01%
Zn 7.72E+05 9.00E+03 1.15%
Fe NA 1.86E+03 -

\% NA 3.46E+03 -

PAHs Naphthalene 3.88E+03 8.69E+02 18.29%
Anthracene 3.72E+02 1.95E+00 0.52%
Fluoranthene 3.74E+02 8.46E+00 2.21%
Benzo(b)fluoranthene | 3.72E+02 4.26E+00 1.13%
Benzo(k)fluoranthene | 3.69E+02 2.96E+00 0.80%
Benzo(a)pyrene 3.69E+02 4.11E+00 1.10%
Benzo(g,h,i)perylene 2.48E+02 5.08E+00 2.01%
L”deno(l’z'?""d)pyre” 2 48E+02 3.52E+00 1.40%
eDibenzo(a,h)anthracen NA 3.17E400 )
Pyrene NA 8.66E+00 -
Benzo(a)anthracene NA 5.98E+00 -
Chrysene NA 3.99E+01 -
Acenaphthylene NA 6.18E+00 -
Acenaphthene NA 1.71E+01 -
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Fluorene NA 1.40E+01

Phenanthrene NA 6.57E+01

River discharges have a major impact also on the trophic network due to the high nutrients loads
(200,000 t y* of total nitrogen, 7,500 t y* of total phosphorus (Volf et al., 2013), particularly from
the Po River, responsible for half of the total runoff (about 3000 m? s) into the Northern Adriatic

Sea.

The Northern Adriatic Sea is under significant pollution pressure because it is surrounded by
densely inhabited and highly urbanised areas, especially in the Italian Po River valley. The main
sources of pollutants (nutrients and toxic chemicals) entering the Northern Adriatic coastal waters
are related to urban/domestic and industrial effluents (treated and untreated), agricultural
activities, and in general a diversity of anthropic activities (such as tourism, transport of freights
and people, mining, aquaculture) leading to the release of various types of pollutants (Table 21).
It is worth noting that the Northern Adriatic Sea represents an important maritime transport route
used by merchant ships (in national and international trade), cruise ships, fishing boats, leisure
boats and military ships. The main ports in the area are those of Venice and Trieste (on the Italian
coast), and Koper (Slovenia). The case-study area is characterised by the presence of many
valuable habitats and includes several protected areas (in transitional, coastal, and marine
environments). The spatial distribution of EGCS effluent discharge from open loop systems is
given in Figure 36. In the Venice VTS area, open loop effluent release is forbidden.
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Figure 36. Spatial distribution of EGCS effluent discharges from open loop systems in the Northern Adriatic case
study area in 2018. Release of open loop effluent is prohibited in the Venice VTS area (Ministero delle infrastrutture e
dei trasporti, 2019)

The estimate of the loads of chemical pollutants and nutrients to the Northern Adriatic Sea from
both land-based sources and shipping has been performed by integrating different data sources
(river flow measurements, water quality data, STEAM output, SILAM air modelling results), and
the results obtained for benzo-a-pyrene, fluoranthene, cadmium, and lead are reported in Figure
37.
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Figure 37. Annual loads (kg) of Cd, Pb, BaP and Fl from rivers, open loop EGCSs, closed loop EGCSs and other

shipping sources (bilge water, sewage, and greywater) to the Northern Adriatic Sea basin in 2018 and under S3 and

S8 scenarios in 2050. Log-scal e i s used on the vertical axis. AAtmospheric
available for PAHSs.

3.2. Scenarios for 2050

The emissions are modelled with the STEAM model and for the scenarios the emission factors
have been updated to include new fuels such as methanol and ammonia as well as more detailed
emission factors for ships using abatement equipment. Scenario results are calculated for the
years 2018, 2030 and 2050. The results consist of total emissions to air and discharges to the
sea.

To evaluate the fuel consumption for future years, we have included assumptions for the following

parameters:

0 Transport development

0 Ship size change
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Energy efficiency improvements
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Improved utilization

These developments are assumed to be different for different ship segments. Development of
transport work and utilization improvement are applied linearly on all ships in a certain segment,

while the other parameters are applied only on new-built ships.

For ship development we assume a size development following DNV GL (Endresen et al., 2019)
meaning that container ships increase in size by 30% up to 2050, gas tankers with 40%, bulk
ships with 10% while other ship types remain with the same average size. We also assume that
all ship types show an increased fuel efficiency following the EEDI regulation which sets a
standard for new ships (MEPC, 2022). In the modelling, old ships are replaced by new ones
through an assumed average ship lifetime of 25 years for all ship types. Further, improvements
in cargo utilization are assumed and taken from DNV GL (Endresen et al., 2019) to be 10% in
2030 and 25 % in 2050.

We have used three different scenarios for open-loop EGCS use in 2050. One is that no EGCSs
are needed (Scenario 8). This is to get a baseline with no discharges of EGCS effluent. For the
two other assumed levels of EGCS use we apply a model based on cost efficiency. The reason
for ships to use EGCSs is that the cost for HFO can be significantly lower than for VLSFO, MGO
or other low-sulfur fuels. Thus, if the price difference for the annual fuel consumption between
these fuels is larger than the annual capital and operational costs for a EGCS it will be beneficial
for a ship to install it. There may be other factors such as the age of the ship that influence the
decision. The capital costs we have used are taken from Winnes et al. (2020) and we have

assumed two different fuel price differences:

0 High EGCS use: based on a high price difference between VLSFO and HFO, 2 0 O/tonifuel.

0 Low EGCS use: basedonalow-pricedi f f er ence bet ween Yhf8eEO and HF(

The price difference between HFO and VLSFO during 2019-2 021 averaged on about
(Ship & Bunker 2022). The price different between HFO and MGO is larger, thus there may be
an even higher incentive for the use of EGCS within SECAs. However, for the purpose of this
study the chosen assumptions of the use of EGCSs will give a large variation between scenarios

suitable for the further analysis. The costs are applied on the global STEAM-data for 2018 and
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visualized in Figure 38. The assumption applied in the scenario analysis is that the fractions of
ships for the different ship categories that have a cost saving (i.e., ships above 0 /tan fuel in the
figure) will use EGCS. These fractions are presented in Table 22. The interest rate in this
calculation is assumed to be 10 % and the depreciation period 10 years.
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Figure 38. Cost savings vs fuel use for all ships in Europe when using open-loop EGCSs rather than VLSFO, i.e., the
assumed price difference between VLSFO and HFO. 60 and 2 0 O/tonifuel refer to the high and low-price difference
between VLSFO and HFO.

In one scenario we have assumed that the ships use closed rather than open-loop EGCS (see
Winnes et al., 2020 for description) and that the same fraction of ships as in the high use scenario
for open-loop EGCSs then use closed loop EGCS. This results in significantly lower volumes of
bleed-off water compared with the effluent from open loops EGCSs, but with a higher
concentration of contaminants. This scenario is constructed to illustrate the difference in
emissions between open-loop and closed loop EGCSs and it should be noted that the higher
capital costs for closed loop systems would make it costly for many ships to invest in this

technology with a difference in fuel prices
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Table 22. Fraction of engine work and fraction of ships using open loop EGCS in the High and Low EGCS model,

respectively.
Ship type Number of ships (%) Engine work (%)
60 euro (Low) 200 euro 60 euro (Low) 200 euro

(High) (High)
Bulk Cargo ships 2.9% 72% 1.1% 91.3%
Containerships 2.9% 73% 0.3% 95.2%
General cargo ships 0.0% 4% 0.0001% 34.7%
Cruise ships 7.2% 56% 2.6% 97.8%
Refrigerated cargo ships 3.5% 25% 5.2% 74.1%
RoRo/Passenger ships 4.6% 29% 5.0% 84.0%
RoRo cargo ships 4.7% 33% 11.5% 85.7%
Chemical tankers 0.1% 20% 68.3%
Crude Oil tankers 13.4% 68% 2.2% 96.7%
LNG tankers* 0% 100% 0% 100%
LPG tankers 4.7% 32% 0.0001% 78.7%
Product tankers 0.2% 22% 76.1%
Vehicle carriers 2.9% 72% 1.2% 98.0%

*LNG carriers are special cases and are excluded from the analysis in Figure 38. Instead, they are assumed to have
0% in low EGCS case and 100 % in high EGCS cases.
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EMERGE scenarios 3, 3b, and 8 all assume that ship traffic will grow significantly in the coming
decades. Following the high-growth pathway of ship traffic up to 2050 (Endresen et al., 2019), the
transport work is tripled. Same traffic development assumptions are used in all three scenarios
and therefore, the number of ships operating in the regional sea areas remains constant for these
three scenarios. In scenarios 3 and 3b, it is assumed that the price difference between HFO and
low sulfur fuels is high, and that it is profitable to install an EGCS on all vessels that consume
more than 2,500 tonnes of fuel annually. The use of EGCS is also at a high level as it is assumed
that a new SECA is implemented in Europe within 200 nautical miles from the coastline starting
in 2030. In scenario 8, it is assumed that HFO is no longer used in shipping and therefore, there
are no EGCSs in use. The number of ships operating in the Baltic Sea and the North Sea, and
the respective number of EGCSs in use for the baseline year and the selected scenarios are
shown in Table 23, Table 24 and Table 25.

Table 23. The total number of ships (including ships with open-loop and closed-loop EGCS) operating in the Baltic
Sea, the North Sea, and the Mediterranean Sea in EMERGE baseline year (2018) and future scenarios (2050).

2018 Scenario 3 Scenario 3b Scenario 8
Baltic Sea
Ships Total 8931 31833 31833 31833
Open loop or hybrid EGCS 178 9460 0 0
Closed loop EGCS 10 0 9460 0

Table 24. The total number of ships (including ships with open-loop and closed-loop EGCS) operating in the North
Sea and the Mediterranean Sea in EMERGE baseline year (2018) and future scenarios (2050).

North Sea 2018 Scenario 3 Scenario 3b Scenario 8
Ships Total 17 151 75 000 75 000 75 000
Open loop or hybrid EGCS 190 22710 0 0

Closed loop EGCS 6 0 22710 0
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Table 25. The total number of ships (including ships with open-loop and closed-loop EGCS) operating in the

Mediterranean Sea in EMERGE baseline year (2018) and future scenarios (2050).

Mediterranean Sea 2018 Scenario 3 Scenario 3b Scenario 8
Ships Total 19 717 77 833 77 833 77 833
Open loop or hybrid EGCS 103 23 556

Closed loop EGCS 5 23 556

Considering the significant increase in projected transport work by shipping segment in high-

growth scenarios, the size of the fleet will increase significantly. According to the DNVGL

scenario, a significant increase in the transport work of bulk cargo and containership sectors were

predicted, whereas the liquid bulk cargo share decreased (Table B.4 in DNVGL report).

Scenario 3a (all open loop EGCS) and 3b (all closed loop EGCS) were developed to investigate

the maximum environmental pressure from EGCS. Considering the price difference of various

fuels, and global shipping activity and fuel consumed by each ship in the fleet, roughly a third of

the fleet in the Baltic Sea, North Sea and the Mediterranean Sea were considered fit for EGCS

installation.
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4. Environmental state in the baseline and
scenarios

4.1. Regional
4.1.1. Europe

The aggregated assessment for the European seas, including all descriptors, show that almost
all water basins fail to achieve GES. Especially northern Europe waters fail to reach GES with
respect to descriptor D8, Contaminants (Figure 39 Right). On a European scale, out of the 21
indicators included in the high-resolution evaluation of D8, only six had no detected failures to
reach GES. This means that >70% of the indicators have at least one basin where the status is

assigned Anot goodod by one or more contamin

Marine Strategy . Marine Strategy
Framework Directive of Framework Directive
(MSFD) g (MSFD)

Figure 39. Environmental status of European sea areas as reported by EU Member States in 2018 according to the
Marine Strategy Framework Directive (2008/56/EC). Left panel shows the overall environmental status considering all
descriptors and the right panel shows the result for D.8 (contaminants).

As shown in Figure 39, most European coastal areas have an unacceptable ecological status,
and a contributing factor to this is the high concentrations of certain PAHs and metals which are
present in EGCS effluent. The status assessment was done in 2018, just three years after
installations of EGCSs on ships began and was hence based on a situation when only a few ships

were using EGCSs. Since then, the number of ships with EGCS has increased dramatically and
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it is inevitable the continuous discharge of EGCS effluent into shipping lanes along the European

coasts will result in even higher concentrations of these PAHs and heavy metals.

Figure 40 illustrates the changes of spatial distribution of Naphthalene in EU sea areas, starting
from the 2018 baseline (top image), and extending to the maximum pressure scenario (S3) in
2050 (bottom image). As can be seen from these two examples, EGCS effluent discharges are
no longer restricted to just ECAs, but extend all regional seas. The shapshot of surface
concentrations given in the bottom image (Figure 40) highlights almost all the coastal areas and
the archipelago areas of the Aegean Sea. It should be noted that the assessment done in Figure
39 does not consider the increase of EGCS effluent discharges, which add to the environmental

burden of sea areas which are already have a poor environmental status.
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Figure 40. Surface concentrations of the PAH Naphthalene from open loop EGCSs at the end of baseline year 2018
(in micrograms per m®) (top image). Surface concentrations of the PAH Naphthalene from open loop EGCS at the
end of year 2050, for scenario 3 (in micrograms per m?) (bottom image). The simulations are carried out with
ChemicalDrift with STEAM data as input and ocean forcing from Mercator Ocean / Copernicus.

4.1.1.1. Baltic and the North Sea area

The assessment of environmental status of European sea areas is based on Member State

reporting on MSFD indicators and descriptors. InFigure39, t he results from Membe

reporting on their progress to achieve GES were collected from WISE Marine
(https://water.europa.eu/marine). WISE Marine is an EU platform hosted by the European
Commission and the European Environmental Agency (EEA) that offers access to information
and data on the state of Eur op qFgsre 3 deit)inclidaseall
the reported data and was organised per indicator, per descriptor, and considering all descriptors

using the One Out All Outi Principle.

The aggregated assessment, including all descriptors, showed almost all water basins to fail to
achieve GES. Especially northern Europe waters fail to reach GES with respect to descriptor 8,
Contaminants (Figure 39 Right). Out of the 21 indicators included in the high-resolution

evaluation of D8, only six had no detected failures to reach GES, meaning that >70% of the
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Since the status assessment reported by EU Member States does not include information on
actual water concentrations (all data is reported in the format GES achieved or GES failed)
additional monitoring data for Ni, Cd, Pb, V, BaP and, fluoranthene was gathered from ICES
DOME (https://www.ices.dk/data/data-portals/Pages/DOME.aspx) (Figure 41). In this figure, the

WFD limit values are also shown.
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Figure 41. Environmental concentrations from monitoring data of 4 metals (Ni, Cd, Pb and V) and 2 PAHs
(fluoranthene and benzo[a]pyrene) from surface water (0-5 m) in Baltic and North Sea region collected between
2015-2022 (https://www.ices.dk/data/data-portals/Pages/DOME.aspx)

The results indicate 1% of the stations to exceed the AA-EQS (Table 26) with respect to Ni
(nwi=1319) (newly proposed AA-EQS) and Cd (nw: =1255). For Pb (nw: =1149) and V (nw: =482),
the corresponding percentage of stations that exceeded the AA-EQS (Pb) and proposed PNEC
(V) was 2% and 90%, respectively. For benzo[a]pyrene (nw: =185) none of the stations exceeded
the new proposed AA-EQS but >90% exceeded the current AA-EQS. For fluoranthene (nw: =160),
almost 40% of the stations exceeded the current AA-EQS and 84% exceeded the newly proposed

AA-EQS.
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Table 26. Current and proposed threshold values (e.g., Annual Average Environmental Quality Standard (AA-EQS)

for 4 metals and 2 PAHs. Proposed AA-EQS collected from dossiers published here:

https://circabc.europa.eu/ui/group/9ab5926d-bed4-4322-9aa7-9964bbe8312d/library/69579412-bcc1-4740-b14b-

88980756e6¢c3?p=1&n=10&sort=modified_DESC

Substance Current AA-EQS Proposed AA-EQS Reference**

Nickel 8.6 pg/l 3.1 pg/l (European Union, 2008)
Cadmium 0.2 pg/l N/A (European Union, 2008)
Lead 1.3 pg/l N/A (European Union, 2008)
Vanadium* N/A 0.57 g/l (Tulcan et al., 2021)
Fluoranthene 6.3 ng/l 0.76 ng/l (European Union, 2008)
Benzo[a]pyrene 0.17 ng/l 22 ng/l (European Union, 2008)

*vanadium threshold value is obtained from Tulcan et al., 2021 who derived a predicted no-effect concentration (PNEC)

value based on a chronic species sensitivity distribution curve.

*  proposed EQS values from dossiers: https://circabc.europa.eu/ui/group/9ab5926d-bed4-4322-9aa7-
9964bbe8312d/library/69579412-bccl1-4740-b14b-88980756e6c3?p=1&n=10&sort=modified DESC

A more detailed analysis for the status of the Baltic Sea at sub-basin level was recently released
by the Baltic Marine Environment Protection commission (HELCOM, 2023). This 3 Holistic
Marine Assessment for the Baltic Sea also included that all sub-basins do not reach the good

environmental status Figure 42.
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Figure 42. Sub basins of the Baltic Sea (left). Assessment of the environmental status of the Baltic Sea sub-basins

(right). Images from HELCOM HOLAS3 report (HELCOM, 2023)

Modelling of contaminant concentration as a result of ship emissions and atmospheric deposition

is conducted on a regional scale using ChemicalDrift model (Aghito et al., 2023) and on Oresund

case study level with the MITgecm model (Marotzke et al.,

1999). At regional level, the modelled

predicted environmental concentrations in the upper 5 m of Ni, Cd, Pb, V, BaP, Fluoranthene due

to open loop EGCS effluent discharge in 2018 and in S3 (2050) are presented in Figure 43.
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Figure 43. Predicted concentrations of Cd, Ni, Pb and V for baseline year 2018 and 2050 (scenario 3). Values of
contaminant concentrations in the upper layer (<5m) of the water column are shown.
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