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Synopsis 

Environmental risks of scrubber discharges for seawater and 
sediment 
Preliminary risk assessment for metals and polycyclic  
aromatic hydrocarbons  
 
By international rules the amount of sulphur in fuels for seagoing 
vessels is limited. To be able to use fuels that contain more sulphur, 
many seagoing vessels have installed a ‘scrubber’ to remove sulphur 
from exhaust gases which is collected in wastewater.     
 
Most vessels (80 percent) use open systems that discharge wastewater 
at sea or in a harbour. Other contaminants also end up in the water due 
to these discharges. RIVM calculated whether the discharge of this 
wastewater poses a risk to the environment. The calculations show that 
concentrations remain below existing environmental standards. 
 
The main contaminants in the scrubber wastewater are metals and 
polycyclic aromatic hydrocarbons (PAH). RIVM used a computer model 
to calculate the amount of contaminants that end up in the water and 
calculations were performed for three areas: a large seaport, such as 
Rotterdam, a heavily sailed area of the North Sea, and an area in the 
Caribbean with vulnerable nature, such as the Saba Bank.   
 
The study was commissioned by the Ministry of Infrastructure and Water 
Management (IenW). The reason for the study is the increased use of 
scrubbers on seagoing vessels, causing increased amounts of 
wastewater to be discharged. At an international level, there has been 
much discussion about the use of scrubbers and the requirements these 
scrubbers must meet. This study is a first initiative to assess the effects 
of scrubber wastewater on the Dutch marine environment. The 
calculations did not include contaminants already present in the 
environment. In order to determine the local effects more precisely, 
these should also be taken into account.   
 
Keywords: scrubbers, metals, PAH, environmental standards, water, 
sediment 
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Publiekssamenvatting 

Milieurisico’s van scrubberlozingen voor zeewater en sediment 
Voorlopige risicobeoordeling voor metalen en polycyclische aromatische 
koolwaterstoffen. 
 
Volgens internationale regels mag er een bepaalde hoeveelheid zwavel 
in brandstof voor zeeschepen zitten. Om brandstof te mogen gebruiken 
waar meer zwavel in zit, hebben veel zeeschepen een ‘scrubber’ 
geplaatst. Dit apparaat haalt zwavel uit de uitlaatgassen en verzamelt 
het in afvalwater.  
 
De meeste schepen (80 procent) gebruiken een open systeem waarbij 
het afvalwater op zee of in een haven wordt geloosd. Hierbij komen ook 
andere vervuilende stoffen in het zeewater terecht. Het RIVM heeft 
berekend of de lozing van dit afvalwater schadelijk is voor het milieu. Uit 
de berekeningen blijkt dat de concentraties onder de bestaande 
milieunormen blijven. 
 
De belangrijkste vervuilende stoffen in scrubberwater zijn metalen en 
polycyclische aromatische koolwaterstoffen (PAK’s). Het RIVM heeft met 
een computermodel berekend hoeveel van deze stoffen in het water 
terechtkomen. Dit is gedaan voor drie gebieden: een grote zeehaven 
zoals Rotterdam, een drukbevaren deel van de Noordzee, en een gebied 
in de Caraïben met kwetsbare natuur, zoals de Sababank.  
 
Het onderzoek is uitgevoerd in opdracht van het ministerie van 
Infrastructuur en Waterstaat (IenW). Aanleiding is dat steeds meer 
zeeschepen scrubbers gebruiken, waardoor er meer geloosd afvalwater 
in de zee komt. Internationaal is er veel discussie over het gebruik van 
scrubbers en de eisen waar ze aan moeten voldoen.  
 
Met dit onderzoek is een begin gemaakt om de effecten van scrubber-
afvalwater op het Nederlands zeemilieu aan te geven. In de 
berekeningen is niet gekeken naar vervuilende stoffen die al in het 
milieu zitten. Om lokale effecten preciezer te bepalen, zouden die 
stoffen ook moeten worden meegenomen. 
 
Kernwoorden: scrubbers, metalen, PAK, milieunormen, water, sediment  
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Summary 

This report describes the potential risks of emissions from exhaust gas 
cleaning systems (EGCS) on marine water and sediment quality. EGCS 
are used to ‘wash’ exhaust fumes of ships in order to meet the 
international requirements for sulphur containing fuel. The increased use 
of EGCS has raised concerns about the environmental impact of 
discharges of EGCS washwaters. The Dutch Ministry of Infrastructure 
and Water Management has therefore commissioned RIVM to perform 
an exploratory study on the environmental risks for marine water and 
sediment in Dutch territorial seas and harbours, including the Caribbean 
Netherlands. 
 
Annual emissions of metals and polycyclic aromatic hydrocarbons (PAH) 
from EGCS were calculated for three scenarios that are representative 
for the Dutch situation, namely a commercial harbour, a shipping lane 
and at open sea. Readily available literature data and models were used 
where possible. To estimate the emissions for the three areas, vessel 
data for the Port of Rotterdam, the North Sea and the Saba bank were 
used, respectively. The concentrations of metals and PAH in the 
receiving waters were modelled with MAMPEC, a hydrodynamic and 
chemical fate model. To assess the environmental risks of EGCS 
emissions on the environment, modelled concentrations were compared 
with existing national and international environmental threshold values 
for marine water and sediment.  
 
The results of this study show that the expected increase in concentra-
tions of metals and PAH in marine water and sediment as a result of 
EGCS washwater discharges are limited. The concentrations in water 
were compared with environmental quality standards (EQS) set under 
the Water Framework Directive. The concentrations of metals and PAH 
in sediment were compared with Background Assessment Concen-
trations as set by OSPAR. Additionally, for metals the Effect Range Low 
standards set by US EPA and for PAH the ecotoxicological risk limits 
derived by RIVM were used. None of these values were exceeded. 
 
The study focussed solely on concentrations in water and sediment as a 
result of EGCS discharges. The results show that the use of EGCS per se 
will not lead to an exceedance of environmental threshold limits. 
Whether or not EGCS contribute to non-compliance to regulatory 
requirements in environments already impacted by other emission 
sources, can only be assessed by taking the local situation into account. 
This applies especially to areas where ambient concentrations of metals 
and PAH are already close to or even exceed the environmental quality 
standards. For a comprehensive consideration of the effects on the 
environmental quality of marine ecosystems, the impact of other 
compounds and emission sources should be taken into account as well. 
This is however beyond the scope of this exploratory study.  
 
While conducting this research it became clear that further 
harmonization of criteria to assess sediment ecotoxicity and derivation 
of missing environmental quality criteria is necessary to improve risk 
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assessment. It is also recommended to harmonize test protocols for 
sampling, analyzing and reporting of EGCS washwater compositions. 
Lastly, it is recommended to investigate whether EGCS can be used to 
reduce emissions of persistent substances in general and not just to 
lower emissions to the air. This should be viewed in a broader context of 
existing national and international policy frameworks. 
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1 Introduction 

1.1 Background of this report 
This report describes research on the potential risks of emissions from 
exhaust gas cleaning systems (EGCS) on marine water and sediment 
quality. EGCS are more commonly known as ‘scrubbers’. EGCS are used 
to ‘wash’ exhaust fumes in order to meet the international requirements 
for reduction of sulphur emissions. Besides sulphur, other components 
are extracted from the exhaust fumes as well. These components can be 
discharged with the washwater and end up in surface waters. 
Internationally, the increased use of EGCS has raised concerns over the 
environmental impact of these discharges. Therefore, the Dutch Ministry 
of Infrastructure and Water Management (I&W) commissioned RIVM to 
perform an exploratory study on the environmental risks for surface 
water and sediment in Dutch territorial seas and harbours, including the 
Caribbean Netherlands. 
 

1.2 Exhaust Gas Cleaning Systems 
In 1973, IMO’s International Convention for the Prevention of Pollution 
from Ships (MARPOL) was adopted. This treaty addresses the minimali-
zation and prevention of pollution from ships to the environment. The 
treaty consists of six Annexes, each focussing on a different aspect of 
pollution. Annex VI focuses on the prevention of air pollution from ships. 
The goal of this regulation is the reduction of sulphur oxide (SOx) 
emissions by ships. Since Annex VI entered into force in 2005, the 
allowed amount of sulphur in marine fuels is limited by MARPOL. In 
2005 a global sulphur content limit of 4.5% mass/mass (m/m) was 
enforced, while for Sulphur Emission Control Areas (SECAs/ECAs) a 
more stringent sulphur limit of 1.5% m/m was enforced. SECAs are 
designated areas where stricter regulations apply to minimize airborne 
emissions from ships. Note that, for example, the North Sea is a 
designated ECA while the Dutch Caribbean seas are not. In 2012 the 
global sulphur content limit dropped to 3.5% m/m, while on 1 January 
2020 an even more stringent sulphur content limit of 0.50% m/m came 
into force (IMO, 2020). For SECAs the sulphur content limited gradually 
decreased to 0.10% m/m in 2015 and currently still applies.      
 
Due to the regulation the costs for shipping companies have risen as 
fuels with low-sulphur content are considerably more expensive than 
high-sulphur fuels, with low-sulphur fuels being 70-100% more 
expensive during the beginning of January 2020 (IHS Markit, 2020). In 
order to keep using the high-sulphur fuels, shipping companies have 
been applying EGCS. Regulation 4 of Annex VI states that alternative 
fuel oils, appliances, procedures or compliant methods may be used if at 
least as effective in terms of emission reductions as required by the 
Annex1 (IMO, 2020). EGCS are one of the alternatives to tackle the 
required emission reductions for SOx.  
 

 
1 Besides SOx, Annex VI also regulates nitrogen oxide (NOx) emissions. Regulation 4 also applies to these 
emissions.  
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During recent years the number of EGCS installed on ships has 
increased globally from around 400 in 2017 to more than 4,000 in 2020 
(ICCT, 2020) and is predicted to further increase as low-sulphur fuels 
are expected to remain significantly more expensive than high-sulphur 
fuels (Yara, 2020). There are four types of scrubbers applied; dry 
scrubbers, open loop scrubbers, hybrid scrubbers and closed loop 
scrubbers. Dry scrubbers utilize hydrated lime to bind and remove SOx 
from exhaust gases. Open loop scrubbers utilize external surface water 
(seawater) to remove SOx from the exhaust gases. Water is sprayed 
over the exhaust gases after which the SOx reacts with the slightly 
alkaline seawater to form sulphuric and sulphurous acid which 
immediately is neutralised. If necessary additional hydroxide can be 
added by a dosing system. The resulting salts are discharged with the 
washwater to the surface water. Water treatment systems can be 
installed in open loop scrubbers to remove solids before discharge, 
however the installation seems to be optional (US EPA, 2011, DNVGL, 
2018). When water treatment systems are installed, the resulting sludge 
is stored and needs to be disposed via reception facilities at ports. 
Closed loop scrubbers and hybrid scrubbers have water treatment 
systems. Closed loop scrubbers function similarly to open loop scrubbers 
but utilize freshwater and the washwater is treated and re-circulated in 
the scrubber. By re-using the washwater, only small amounts of waste-
water are produced which can be stored in a storage tank until it can be 
discharged, for example at port reception facilities or at open sea. Open 
loop scrubbers do not have storage tanks, these EGCS discharge directly 
on surface waters. Closed loop scrubbers are beneficial compared to 
open loop scrubbers as they can operate in areas where washwater 
discharge is prohibited, which is the case in ports and waterways in a 
number of countries (Britannia P&I, 2020). A hybrid scrubber can 
function both as open loop and closed loop scrubber. According to the 
International Council on Clean Transportation (ICCT), 80% of the 
scrubbers installed are open loop scrubbers, 17% are hybrid scrubbers 
while less than 2% are closed loop scrubbers (ICCT, 2020). This implies 
that most of the washwater is discharged directly into surface waters.  
 
Besides sulphur, EGCS remove other components from the exhaust 
gases as well, such as particulate matter, NOx, and contaminants like 
heavy metals and polycyclic aromatic hydrocarbons (PAH) (Hansen, 
2012, Ushakov et al., 2019, Kjølholt et al., 2012, Teuchies et al., 2020). 
These are also discharged to surface waters. The increase in number of 
EGCS has raised concerns over the effects of EGCS discharges on 
surface waters. Several countries, such as Belgium, Germany and 
Ireland have taken local measures to prohibit or restrict the discharge of 
washwater from EGCS in a number of ports or waterways (Britannia P&I, 
2020). In Dutch territorial seas discharge of washwater is allowed when 
EGCS are in accordance with the MARPOL regulations.  
 

1.3 Outline and scope of the study 
The aim of the study is to investigate the potential risks of EGCS 
washwater discharges on water and sediment quality of Dutch territorial 
seas and marine waterways, including harbours. In this report, water 
and sediment quality refers to environmental quality as defined by 
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standards or risk limits developed within existing legal or policy 
frameworks, intended to protect and conserve the aquatic environment. 
Annual emissions from EGCS were calculated for three scenarios 
representing relevant areas for the Dutch situation, namely a 
commercial harbour, a shipping lane and at open sea. To estimate the 
emissions for the three areas, vessel data for the Port of Rotterdam, the 
North Sea and the Saba bank were used, respectively. Predicted 
concentrations of PAH and metals in the receiving waters were modelled 
with MAMPEC, a hydrodynamic and chemical fate model. The modelled 
concentrations were compared with existing national and international 
environmental threshold values for marine water and sediment.  
 
This study focused on the risks for water and sediment resulting from 
EGCS discharges. Like in other prospective risk assessments, a generic 
modelling approach was applied and existing quality standards were 
used as a measure for water and sediment quality. Data from three 
existing areas were used to define realistic worst case EGCS emissions 
and associated concentrations in water and sediment. The purpose of 
the study is not to assess if the use of EGCS in a specific situation will 
comply with local regulatory requirements. For an actual local risk 
assessment, data on ambient concentrations, i.e., concentrations 
already present in the environment should be collected as well, and 
other sources of pollution must be taken into account. However, this is 
outside the scope of this report.  
 
The choice of the study areas, the existing locations used as data 
sources, and contaminants under consideration is briefly explained 
below, further details are given throughout the report. 
 

1.4 Study areas 
As this is an exploratory study, readily available literature data and 
models were used where possible. Therefore, representative study areas 
were selected for which a scenario is available in the MAMPEC-model 
(Van Hattum et al., 2002, van Hattum et al., 2016). This model is 
approved internationally for the estimation of environmental concentra-
tions in the context of the European active substance approval of 
antifouling biocides and the assessment of ballast water systems. The 
model includes a commercial harbour scenario based on the port of 
Rotterdam. This port is the largest harbour in the Netherlands with 
almost 30.000 seagoing vessels entering the harbour each year (Port of 
Rotterdam, 2020). Due to the high shipping frequency the port of 
Rotterdam can be considered a worst-case scenario regarding the 
number of ships with EGCS entering a harbour. Therefore, vessel data 
for the port of Rotterdam were collected and used to model emissions 
related to this scenario. Secondly, the MAMPEC shipping lane scenario 
was used to model the concentrations for a heavily used shipping lane in 
the Dutch Exclusive Economic Zone (EEZ) in the North-Sea, further 
recalled to as North Sea in this report. Thirdly, the MAMPEC open sea 
scenario was combined with data from the Saba bank to investigate the 
risks of EGCS on the Caribbean Netherlands. The tropical conditions in 
the aquatic environment of the Caribbean Netherlands are different from 
the conditions in the waters surrounding the Netherlands. The effects of 
EGCS on the aquatic environment may therefore differ from the other 
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two scenarios. The Saba bank was selected as a worst case location as it 
is a protected nature area and has become a Particular Sensitive Sea 
Area (PSSA) in 2012 (MEPC, 2012). Together, the three research areas 
represent a set of relevant environments and are used as input for the 
three MAMPEC scenarios (commercial harbour, shipping lane, and open 
sea). Since this is an exploratory modelling study, the results provide an 
indication of the potential effects of EGCS on water and sediment quality 
of Dutch industrial harbours and territorial seas, but do not represent 
the actual emissions on those locations. 
 

1.5 Contaminants under consideration 
As fuels consist of numerous organic and inorganic contaminants, 
potentially many contaminants are discharged with the washwater. This 
study focused on those contaminants reported most frequently in 
available literature, i.e. heavy metals and PAH. Based on existing 
monitoring data, 11 metals and 16 PAH were selected and studied. Due 
to the exploratory nature of this study, no chemical analyses were 
performed to determine the nature and concentrations of components in 
washwaters from EGCS of ships. Information from literature was used to 
assess the concentrations of PAH and metals in discharged washwaters.   
 
It should be noted that the guidelines for the discharge of EGCS 
washwater include emission standards for pH, nitrates and 
turbidity/particulate matter as well, and sulphur oxides may be relevant 
as well. However, because the MAMPEC model is not suitable to model 
the environmental fate of these parameters, they are discussed 
separately in an Annex to this report. 
 

1.6 Reading guide 
The report starts by giving some background information on EGCS and 
the aim of the study in Chapter 1. As mentioned before, the aim of the 
study is to investigate the potential risks of EGCS washwater discharges 
for quality of surface water and sediments of Dutch territorial seas and 
marine waterways, including harbours. Chapter 2 describes the 
regulations and legal frameworks that protect the marine environment 
and the guidelines for using EGCS on ships. Chapter 3 describes the 
contaminants investigated in the report and corresponding 
characteristics and environmental quality standards (EQS). Chapter 4 
explains the methods used to calculate the emissions of contaminants to 
water bodies. Chapter 5 gives the results of the study, which are 
discussed in chapter 6. Chapter 7 provides the conclusions of the study 
while chapter 8 provides the recommendations.  
 
The study is conducted by using readily available literature and models. 
If required data were not available, alternative data were used or 
estimations were made. All choices in data and assessment of effects of 
EGCS discharges are explained throughout the report. 
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2 International policies and legal frameworks 

The Kingdom of the Netherlands consists of the Netherlands in Europe, 
the constituent countries (Aruba, Curaçao and Sint Maarten) and the 
overseas municipalities (Bonaire, Saba and Sint Eustatius) located in the 
Caribbean. All parts of the Kingdom are located in or adjacent to the 
oceans, and therefore have to comply with legislation and policies 
regarding marine water and sediment quality. This chapter briefly 
introduces a number of international marine policies and legislative 
frameworks that are relevant in the context of this study. Except for 
IMO, none of these specifically address provisions concerning EGCS use 
and emissions thereof, but rather provide a generic basis for 
environmental policy. In the context of the present study, it is useful to 
have some insight into the aims of these frameworks in order to make 
use of existing assessment routines where possible. 
 

2.1 International Maritime Organization (IMO) 
 Guidelines for Exhaust Gas Cleaning Systems (EGCS) 

The guidelines for EGCS contain criteria for exhaust gas emission 
reductions, technical aspects of the systems, and washwater discharge 
criteria. These criteria were adopted as a first initiative to minimize the 
effects of washwater discharges on receiving surface waters. The 
guidelines have been adopted in 2015 (MEPC, 2015).The guidelines 
focuses on 5 parameters of discharged washwaters: 

• pH 
• Polycyclic Aromatic Hydrocarbons (PAH) 
• Nitrate(s) (NO3-) 
• Particulate Matter (PM) / Turbidity 
• Additives and Other Substances 

 
EGCS have to comply with these guidelines. The maximum allowable 
discharge concentrations for PAH and NO3- are provided by the 
guideline, as well as the allowed pH-range of and turbidity in the 
washwater. For additives and other substances, an assessment has to 
be performed that includes the effects of discharges on receiving surface 
waters. For the purpose of this study we do not go into depth on the 
emissions standards as these can depend on different conditions, these 
can be found in the resolution (MEPC, 2015). Based on new insights on 
the effects of discharges the guidelines may be revised (MEPC, 2015). 
 

 Particularly Sensitive Sea Areas  
The Saba bank is declared a Particularly Sensitive Sea Area (PSSA) by 
IMO as of 2012 (MEPC, 2012). PSSAs are areas which need special 
protection in order to retain an ecological, social and/or economic 
function. The presence of coral reefs was an important ecological 
criterion for protecting the aquatic environment of the Saba Bank, 
providing shelter and food for many aquatic organisms. In addition, it is 
considered a home to various threatened species. Specific measures can 
be taken to limit maritime activities in PSSAs. For the Saba bank, ships 
of 300 GT of weight or above should avoid the area while anchoring is 
not allowed for all ships (MEPC, 2012).  
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2.2 Marine Strategy Framework Directive (MSFD) 
The MSFD was adopted in 2008. The aim of the directive is to preserve 
and protect the marine waters under the sovereignty and jurisdiction of 
European member states (EC, 2008). The MSFD obliges countries to 
implement policies and measures to reach or preserve a good 
environmental status for the marine waters. The Netherlands fulfils 
these requirements by implementing a strategy consisting of 3 parts: 1) 
initial assessment, goals and indicators, 2) monitoring program, and 3) 
a program with measures (IenM and ELI, 2012). The first part of the 
strategy lasted from 2012-2020 whereas the monitoring program will 
cover 2020-2026. The good environmental status according to the MSFD 
includes 11 main themes (‘descriptors’), such as, marine ecosystem, 
eutrophication, hydrographic properties, noise. Descriptor 8 specifically 
deals with concentrations and effects of contaminants. For this 
descriptor, the good environmental status is described as 
‘concentrations of contaminants are at levels not giving rise to pollution 
effects’. For pollutants, the Dutch marine strategy refers to goals of the 
Water Framework Directive (WFD; see section 2.3). Additionally, the 
Dutch marine strategy targets the prevention of tributyltin (TBT) and oil 
compounds in marine waters. The environmental targets for 2020 are as 
follows (IenM and ELI, 2012): 

• counter the concentrations of contaminants where these do not 
meet the targets of the Water Framework Directive, pursuant to 
its timeline; 

• ensure that concentrations of other known substances, where 
these meet the Water Framework Directive standards, do not 
exceed current concentrations and, where possible, reduce them; 

• a prevention target for currently observed effects of pollution 
from TBT and oil. 

 
2.3 Water Framework Directive (WFD) 

The WFD was adopted in 2000 with the aim to maintain and improve the 
status of aquatic environments in the European Community and to 
contribute to the progressive reduction of emissions of hazardous 
substances to water (EC, 2000). The WFD is applicable to inland surface 
waters, transitional waters, coastal waters and groundwater. The WFD 
requires the responsible stakeholders to set up river basin management 
plans to achieve a ‘good chemical status’ and ‘good ecological status’ or 
at least to prevent deterioration of the current status. A good chemical 
status is defined in terms of compliance with the water quality standards 
established for priority and priority hazardous substances (PS/PHS) at 
European level. The WFD requires specific measures for the progressive 
reduction of discharges, emissions and losses of PS, and the cessation or 
phasing-out of discharges, emissions and losses of PHS (EC, 2000). The 
current list of P(H)S contains about 40 substances or substance groups: 
metals (e.g., cadmium, mercury, lead and nickel), PAH (e.g., 
benzo(a)pyrene, benzo(b)fluoranthene and benzo(g,h,i)-perylene) and 
organochlorines (e.g., trichloro-ethylene, trichloro-benzenes and 
trichloro-methane). Under the WFD, environmental quality standards 
(EQS) are derived for surface water to assess short-term concentration 
peaks (maximum acceptable concentration; MAC-EQS) and long-term 
exposure (annual average; AA-EQS). Different threshold levels apply for 
inland surface waters and other surface waters (often indicated as 
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‘marine environment’). The WFD-EQS incorporates both environmental 
and human health. Apart from ecological effects, human fish 
consumption and secondary poisoning by predatory birds and mammals 
are generally considered for standard setting. The necessity of the latter 
two depends on the fate and behaviour of a substance in the 
environment (EC, 2011). The characteristics of the surface water 
determine whether freshwater or marine values are used for compliance 
check. For all areas under consideration here, WFD-EQS for marine 
waters apply2. No legally binding quality standards for sediment have 
been set under the WFD, although the European EQS-dossiers 
sometimes contain information on the impact on benthic organisms. 
 
In addition to the European P(H)S, the WFD requires member states to 
address ‘river-basin specific pollutants’. These are compounds that are 
of importance for the ecological status on a national level. At present, 
the Dutch list of specific pollutants includes about 70 substances for 
which national EQS have been set. Among these are several other 
metals (e.g. copper, zinc, chromium) and additional PAH (e.g., 
chrysene, phenanthrene). Taking the European P(H)S and national 
specific pollutants together, WFD-EQS apply to about 110 substances 
and substance groups in the Netherlands. Apart from these, national 
water quality standards have been set for a number of other compounds 
that are not regulated under the WFD. These standards are used in the 
context of general water quality policy and emission control (e.g., 
discharge permits).  
 

2.4 OSPAR Convention 
The convention for the protection of the Marine environment of the 
North-East Atlantic (OSPAR Convention) was established in 1992 and 
regulates cooperation between European countries near the Atlantic sea 
regarding protection of the marine environment. The Netherlands, 
alongside 14 other countries and the EU, cooperates within OSPAR to 
protect and conserve the North-East Atlantic and its resources (Nyström, 
2018). The working field of OSPAR is broad, encompassing subjects as 
biodiversity, anthropological activities and hazardous substances. In the 
past, OSPAR prioritized hazardous substances based on a tool 
(DYNAMEC) and kept two lists: the List of Chemicals for Priority Action 
(LCPA) and the List of Substances of Possible Concern (LSPC). Due to 
the implementation of other European frameworks, such as the WFD, 
MSFD and especially REACH, OSPAR decided to cease prioritizing and 
updating these lists (OSPAR Commission, 2006b, OSPAR Commission, 
2007). Currently, OSPAR is revising their position and contributions to 
the field of hazardous substances (Nyström, 2018). OSPAR does not 
derive formal EQS. OSPAR does, however, provide assessment criteria 
to determine unacceptable risks from the presence of hazardous 
substances. In addition, concentration limits are set for a number of 
contaminants as an ultimate aim to reach background concentrations 
(Webster et al., 2009). For marine sediments and biota, background 
assessment concentrations (BAC) are defined for certain contaminants 
(OSPAR Commission, 2006a). BAC are not real background concentra-
tions, nor ecological risk limits, but serve as a tool to evaluate OSPAR’s 

 
2 The Rotterdam harbour and associated water bodies Nieuwe Waterweg and Nieuwe Maas are transitional 
waters for which in the Netherlands marine EQS apply (Rijkswaterstaat, Pers. Comm., 2020). 
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goals for contaminants, i.e. a decrease in environmental concentrations 
to background levels. If mean concentrations are significantly below the 
BAC, they are said to be near background. As indicator for ecological 
risk, OSPAR uses ‘effect range low’ (ERL) values of the US EPA. BAC and 
ERL may be interpreted as non-binding quality criteria as OSPAR strives 
to reach these concentrations in sediments and biota. 
 

2.5 Natura 2000 
Natura 2000 is a European network of protected areas. Land areas as 
well as marine areas can be designated as Natura 2000 in order to 
retain or restore the ecological value. The Habitats Directive is the legal 
framework enforcing the designation of these areas (EC, 1992). The 
directive lists a broad number of habitats, animal species and plant 
species which should be protected. Each European member state is 
responsible for creating Natura 2000 areas and implementing measures 
to protect the species and/or habitats. 
A substantial part of the North Sea is designated as Natura 2000 while a 
large amount of the coastal sea is as well. Some of the shipping lanes 
cross these areas. The Port of Rotterdam is surrounded by several 
Natura 2000 areas. For Natura 2000 areas, specific quality targets can 
be enforced, based on the presence of habitats and species.  
 

2.6 Cartagena Convention 
The Convention for the Protection and Development of the Marine 
Environment in the Wider Caribbean Region (Cartagena Convention) was 
adopted in 1983 to protect and preserve the marine environment in the 
Caribbean Sea and areas of the Atlantic Ocean. The convention focuses 
on the prevention of different sources of pollution such as ships, land-
bases sources, dumping and airborne activities (UNEP, 1983). The 
convention is supplemented with three protocols regarding 1) oil spills, 
2) specially protected areas and wildlife, and 3) land-based pollution. 
The convention and two out of three protocols were ratified by the 
Netherlands; the protocol for land-based pollution was signed but not 
ratified (BZK, 2020). The protocol regarding specially protected areas 
and wildlife listed 35 areas in 2019, including the Saba National Marine 
Park. The protocol is meant as legal framework for the conservation of 
regional biodiversity. Signed parties are obliged to take necessary 
measures to protect, preserve and sustainably manage areas with 
ecological value and threatened or endangered species (UNEP, 1990). 
Within the convention and protocols, no EQS are derived for parties to 
comply with.  
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3 Compounds investigated 

3.1 Contaminants in washwater 
 Metals and PAH 

The selection of contaminants to be included in this study was based on 
the contaminants found in washwaters of EGCS on ships, as assessed in 
existing studies. Many studies have already been performed to deter-
mine concentration levels of contaminants in EGCS washwaters 
(Hansen, 2012, Teuchies et al., 2020, Kjølholt et al., 2012, Ushakov et 
al., 2019, CE Delft, 2019). Metals and PAH are the most frequently 
investigated and detected substance groups in washwaters. In this 
report we therefore focused on these substance groups.  
 
In total 11 metals and 16 PAH were selected and studied in this 
research. The list of substances can be found in Table 3-1. 
 
Table 3-1 List of metals and PAH investigated in this study. 
Metals CAS no. PAH CAS no. 
Arsenic  7440-38-2 Acenaphthene 83-32-9 
Cadmium  7440-43-9 Acenaphthylene 208-96-8  
Chromium  7440-47-3 Anthracene 120-12-7  
Copper  7440-50-8 Benzo(a)anthracene 56-55-3  
Lead  7439-92-1 Benzo(a)pyrene 50-32-8  
Mercury  7439-97-6 Benzo(b)fluoranthene 205-99-2  
Nickel  7440-02-0 Benzo(g,h,i)perylene 191-24-2  
Selenium  7782-49-2 Benzo(k)fluoranthene 207-08-9  
Thallium  7440-28-0  Chrysene 218-01-9  
Vanadium  7440-62-2 Dibenzo(a,h)anthracene 53-70-3 
Zinc  7440-66-6 Fluoranthene 206-44-0  
  Fluorene 86-73-7  
  Indeno(1,2,3-c,d)pyrene 193-39-5 
  Naphthalene 91-20-3  
  Phenanthrene 85-01-8  
  Pyrene 129-00-0  

 
There are many studies in which analyses on washwaters are reported, 
however, test protocols vary while results are communicated differently. 
Most analyses were performed on washwaters from open loop 
scrubbers. In some of the studies, concentrations in washwater were 
normalized for concentrations in intake water whereas other studies did 
not. Also the specific water consumption (m3/MWh) of EGCS was not 
always reported, while this is an important parameter to calculate 
discharged substance loads. The specific water consumption indicates 
the volume of washwater that is produced per amount of energy 
generated by the ship’s engines. Substance concentrations in this report 
were based on a report of CE Delft in which normalized concentrations 
for more than 250 washwater samples were reported from open loop 
scrubbers on 53 different ships (CE Delft, 2019). The samples comprised 
samples from cruise ships, bulk carriers and ferries. This report is 
considered to be a proper reflection of the current practises with regard 
to emissions of substances by ships equipped with an EGCS. Specific 
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water consumption of the EGCS was not reported, therefore an average 
of 45 m3/MWh was assumed for the scrubbers (MEPC, 2008). This 
number is considered a typical specific water consumption for open loop 
scrubbers. 
 

 Other parameters 
In line with the MARPOL guidelines, pH, nitrate and suspended 
matter/turbidity were also regularly measured in discharged 
washwaters. More information on turbidity and pH, including washwater 
data can be found in Annex 5. It is noted that washwater pH influences 
the fraction dissolved and particulate bound metal in the washwater 
samples. However, rapid equilibration with receiving waters will occur 
and the distribution of metals to water and sediment after discharge will 
be mainly determined by the characteristics of the receiving 
compartment. As indicated in the introduction (see section 1.5), the 
MAMPEC model is not suitable to model the environmental fate of nitrate 
and sulphur oxides. Annex 5 includes a simplified calculation of the 
increase in nitrogen (total-N) concentrations for the shipping lane 
scenario. This scenario was used for comparison with existing 
information on ambient nitrogen concentrations and quality standards 
for total-N coastal waters and estimated increases due to EGCS 
emissions represent only a minor fraction of both. Annex 5 also includes 
a simplified calculation of expected sulphur emissions to a commercial 
harbour. Based on this, discharge of sulphur oxides may need further 
attention. 
 

3.2 Marine water and sediment quality standards 
 General comments 

To evaluate the environmental impact of EGCS emissions, the predicted 
environmental concentrations (PEC) of the compounds are compared 
with relevant environmental threshold values. As discussed in Chapter 2, 
different legislative frameworks may apply to the study areas under 
consideration, but only few of these frameworks have established 
environmental quality standards. The Dutch territorial sea (up to 12 
nautical miles) is subject to both WFD and OSPAR as assessment 
frameworks, and both are used for the operational definition of the 
MSFD-goals with respect to contaminants (IenM and ELI, 2012). 
Therefore, WFD and OSPAR were selected as the primary source of 
information on environmental risk limits. In addition, risk limits and 
standards set under national policy were consulted where appropriate. 
As indicated in section 2.3, all study areas, including the Port of 
Rotterdam, are regarded as marine environments when comparing 
environmental concentrations with the WFD-EQS. 

 Surface water 
WFD legislation consists of a European part and a national part. The 
ordinance on quality standards and monitoring water (Besluit 
kwaliteitseisen en monitoring water 2009; BKMW) implements the 
environmental quality standards for surface water for priority and 
priority hazardous substances from Directive 2013/39/EU (IenM, 
2010a). Standards for national specific pollutants are laid down in the 
decree on WFD-monitoring (Regeling monitoring kaderrichtlijn water; 
RMKrw) (IenM, 2010b). Together, these legislations provide standards 
for most metals and PAH considered in this report. Additional to WFD-
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legislation, officially set standards exist that were derived before the 
WFD entered into force or were derived in the context of the Dutch 
emission policy. Such ‘policy standards’ are available for a number of 
PAH that are not covered by the WFD. All existing quality standards and 
the underlying scientific documentation can be found via the search 
engine at the RIVM website https://rvszoeksysteem.rivm.nl/. Although 
the discharge from a single vessel can be considered as an acute 
exposure event, in reality different vessels will discharge their 
washwater on different days. Therefore, the emission of the fleet as a 
whole is regarded as continuous. In view of this and considering the 
characteristics of the chemicals, for risk assessment the AA-EQS for 
long-term (chronic) exposure is selected rather than the MAC-EQS for 
short-term (acute) exposure. The next sections give a brief summary of 
the EQS used for the present risk assessment.  
 
Metals 
Table 3-2 gives an overview of the AA-EQS for metals in marine surface 
waters. In line with the WFD-monitoring and analysis of metals, the 
standards are expressed as dissolved concentrations (after filtration). 
Metals are naturally occurring compounds and some elements are 
essential for biological functioning of organisms. The metal fraction that 
is available for uptake and toxicity is dependent on water characteristics, 
such as pH, suspended matter concentration, Dissolved Organic Carbon 
(DOC), hardness, and mineral composition. However, bioavailability 
corrections for marine water are limited and in such cases natural 
background concentrations may need to be taken into account (EC, 
2018). These relate to concentrations of metals from natural origin in 
undisturbed pristine environments and should not be confused with 
ambient environmental concentrations (see also section 3.3). Since 
pristine environments are hard to find in a densely populated country 
like the Netherlands, the officially set background concentrations for 
metals are based on pragmatic and policy choices made by the ministry 
of I&W. For the metals under consideration, existing EQS are briefly 
introduced below. Underlying reports can be retrieved via 
https://rvszoeksysteem.rivm.nl/. Background concentrations and 
detailed information on their use is given in the Dutch protocol for 
monitoring and status assessment for surface waters under the WFD 
(RWS, 2020c).  
 
For copper, a DOC-based bioavailability correction has been established 
for marine waters. The legally set AA-EQS for copper is a generic value 
representing critical conditions with presumed high bioavailability and 
including natural background concentrations. Local DOC-conditions can 
be used for a refined assessment.  
 
For mercury, the AA-EQS is based on food chain transfer to predatory 
birds or mammals. The derivation of the AA-EQS includes a 
bioaccumulation factor (BAF) that describes the uptake of metal from 
water. Since naturally present metal is included in the BAF, the natural 
background concentration is already accounted for in the AA-EQS. 
Therefore, the increase in concentration resulting from EGCS emissions 
(added Predicted Environmental Concentration; PECadd) and the natural 
background concentration have to be summed up prior to comparison 
with the AA-EQS. For mercury, however, the officially set marine 

https://rvszoeksysteem.rivm.nl/
https://rvszoeksysteem.rivm.nl/
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background concentration of 3 ng/L is already higher than the AA-EQS. 
This value was calculated from measurement in total water some 
decades ago, and therefore does not represent the dissolved fraction. 
More recent research indicates that a lower background concentration 
would be more appropriate (Osté, 2013), but a new value could not be 
established. Therefore, the PECadd will only be compared with the AA-
EQS. 
 
The AA-EQS for arsenic, cadmium, chromium, lead, and zinc is based on 
direct ecotoxicity data, and expressed as a maximum permissible 
addition to the natural background concentration. For these metals, the 
PECadd can compared directly with the AA-EQS.  
 
For selenium, thallium and vanadium, no marine AA-EQS is available 
and a risk assessment is not possible. For selenium and vanadium, the 
PECadd is compared with the natural background concentration as an 
indication of the relative contribution to the existing background. 
 
Polycyclic aromatic hydrocarbons (PAH) 
Table 3-3 gives an overview of the EQS for PAH in marine surface 
waters. Contrary to metals, correction for background concentrations is 
not relevant for PAH. The standards are expressed as total 
concentrations in unfiltered samples, in line with the WFD-monitoring 
and analysis of organic compounds. 
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Table 3-2 Annual Average Environmental quality standards (AA-EQS) and officially set background concentrations (BC) for metals. 
All values in µg/L, expressed as dissolved concentrations, unless stated otherwise. The fourth column indicates how the MAMPEC 
modelling results should be compared with the EQS. 
Compound AA-EQS 

marine 
BC 
Marinea 

Strategy for comparison 
PEC with EQSb 

EQS Published in 

Arsenic 0.6 0.62 PECadd  AA-EQS RMKrwe 
Cadmium 0.2 0.02 PECadd  AA-EQS 2013/39/EC; BKMWf 
Chromium 0.6 n.a. PECadd  AA-EQS RMKrw 
Copper 3.5c 0.4 BC + PECadd  AA-EQS RMKrw 
Lead 1.3 0.02 PECadd  AA-EQS 2013/39/EC; BKMW 
Mercury 0.07 ng/Ld 0.003 PECadd  AA-EQS 

(see text) 
BKMW; based on biota EQS from 
2013/39/EC 

Nickel 8.6 0.25 PECadd  AA-EQS 2013/39/EC; BKMW 
Selenium (IV) 
Selenium (VI) 

n.a. 0.059 PECadd  BC RMKrw 

Thallium n.a. n.a. not possible RMKrw 
Vanadium n.a. 1.1 PECadd  BC RMKrw 
Zinc 3 0.15 PECadd  AA-EQS RMKrw 

n.a. = not available 
a: BC = Background Concentration. 
b: PEC = Predicted Environmental Concentration. 
c: Current value is 1.1 µg/L, a new DOC-dependent EQS of 3.5 µg/L will become effective as from 2021. 
d: The AA-EQS for mercury is lower than the officially set ‘natural’ background concentration. 
e: RMKrw – Regeling monitoring kaderrichtlijn water (IenM, 2010b). 
f: BKMW – Besluit kwaliteitseisen monitoring water (IenM, 2010a). 
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Table 3-3 Annual Average Environmental quality standards (AA-EQS) for PAH. All values in µg/L, expressed as total 
concentrations, unless stated otherwise. 
Compound Marine water 

AA-EQS 
Notes Source 

Acenaphthene n.a. indicative value for freshwater 3.8 µg/L; 
dissolved; not officially set 

RIVM websiteb 

Acenaphthylene 0.1 officially set value, not included in WFD-
legislationc 

RIVM website 

Anthracene 0.1  2013/39/EC; BKMW 
Benzo(a)anthracene 0.00027  RMKrw 
Benzo(a)pyrene 0.00017  2013/39/EC; BKMW 
Benzo(b)fluoranthene see BaPa   
Benzo(g,h,i)perylene see BaPa   
Benzo(k)fluoranthene see BaPa   
Chrysene 0.0014  RMKrw 
Dibenzo(a,h)anthracene n.a. indicative value for freshwater 1.02 ng/L; 

dissolved; officially set value, not included in 
WFD-legislationc 

RIVM website 

Fluoranthene 0.0063  2013/39/EC; BKMW 
Fluorene 0.30  2013/39/EC; BKMW 
Indeno(1,2,3-c,d)pyrene see BaPa   
Naphthalene 2  2013/39/EC; BKMW 
Phenanthrene 1.1  RMKrw 
Pyrene 0.024 officially set value, not included in WFD-

legislationc 
RIVM website 

n.a. = not available 
a: Directive 2013/39/EU states the following: For the group of priority substances of polyaromatic hydrocarbons (PAH), the biota EQS and 

corresponding AA-EQS in water refer to the concentration of benzo(a)pyrene (BaP), on the toxicity of which they are based. Benzo(a)pyrene 
can be considered as a marker for the other PAH, hence only benzo(a)pyrene needs to be monitored for comparison with the biota EQS or 
the corresponding AA- EQS in water. 

b: https://rvszoeksysteem.rivm.nl/. 
c: see explanation in section 3.2.2 
 

https://rvszoeksysteem.rivm.nl/
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 Sediment 
Legally binding quality standards for sediment are not set under the 
WFD. Some EQS-dossiers contain risk limits for benthic organisms. 
These dossiers have no formal status but serve as advice for the 
European Commission when updating the priority substances list. Also, 
on a national level, the Netherlands have not set environmental quality 
standards for sediment, but some functional limits exist for the 
application of dredging material and/or soil in aquatic environment. 
From an international perspective, the OSPAR Background Assessment 
Concentrations (BAC) for sediment are considered most appropriate as 
starting point for the risk evaluation of the marine environment. BAC 
serve as a tool to evaluate OSPAR’s goals, i.e. a decrease in 
environmental concentrations of contaminants to background level. The 
practical implementation of the BAC is that if mean measured 
concentrations are significantly below the BAC, they are said to be near 
background. In addition, OSPAR presents ‘effect range low’ (ERL) 
concentrations developed by the US EPA for assessing the ecological 
significance of sediment concentrations. Concentrations below the ERL 
rarely cause adverse effects in marine organisms (Webster et al., 2009). 
 
Metals 
Table 3-4 summarizes the BAC and ERL for metals. Note that ERL for 
arsenic and nickel are lower than BAC and established background 
concentrations (15 and 30 mg/kg dwt), implying that ecological effects 
are possible even when background concentrations are reached. Also 
note that BAC are normalized to 5% aluminum concentration by OSPAR 
to determine metal background concentrations. As aluminum is 
generally not present in sediments due to anthropogenic activity and 
naturally occurring metal concentrations covary proportionally with the 
concentration of aluminum, normalization to aluminum is often used to 
determine background concentrations (Summers et al., 1996, Ho et al., 
2012). No OSPAR-values have been set for selenium, thallium and 
vanadium, and no alternative values are present for selenium either. 
 
Polycyclic aromatic hydrocarbons (PAH) 
Similar to metals, OSPAR uses BAC and ERL to evaluate the status of 
PAH contamination of sediment. The range of PAH covered by the WFD 
is broader than OSPAR’s range for sediment. This may be partly 
explained by the fact that PAH which are not detected in marine 
sediment will not appear on OSPAR’s list of BAC. For those PAH, derived 
ecotoxicological risk limits (DRL) were retrieved from an evaluation by 
RIVM (Verbruggen, 2012). Table 3-5 summarizes the BAC, ERL and 
DRL. The BAC and DRL are normalized for Organic Carbon (OC) and 
Organic Matter (OM), respectively. For each study area used in the 
model scenarios, local concentrations of OC and OM were retrieved to 
calculate relevant BAC and DRL. These results are shown in Table 3-6. 
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Table 3-4 OSPAR Background Assessment Concentrations (BAC) and Effect 
Range Low (ERL) concentrations for metals in sediment. Where OSPAR data are 
absent, values from Dutch legislation or RIVM-reports are used. All values in 
mg/kg dwt. 
Compound OSPAR 

BACa ERL 
Arsenic 25 8.2 
Cadmium 0.31 1.2 
Chromium 81 81 
Copper 27 34 
Mercury 0.07 0.15 
Nickel 36 21 
Lead 38 47 
Selenium (IV) n.a. n.a. 
Selenium (VI) n.a. n.a. 
Selenium n.a. n.a. 
Thallium n.a. n.a. 
Vanadium n.a. n.a. 
Zinc 122 150 

n.a. = not available 
a: BAC are normalized to 5% aluminum. 
 
Table 3-5 OSPAR Background Assessment Concentrations (BAC), Effect Range 
Low (ERL) concentrations and derived ecotoxicological risk limits (DRL) for PAH 
in marine. All values in mg/kg dwt. 
Compound OSPAR RIVM 

BACa ERL DRLb 
Acenaphthene   100 
Acenaphthylene   17 
Anthracene 5 85 4.7 
Benzo(a)anthracene 16 261 40 
Benzo(a)pyrene 30 430 490 
Benzo(b)fluoranthene   790 
Benzo(g,h,i)perylene 80  49 
Benzo(k)fluoranthene   790 
Chrysene 20 384 160 
Dibenzo(a,h)anthracene   18 
Fluoranthene 39 600 4,110 
Fluorene   780 
Indeno(1,2,3-
c,d)pyrene 

103  38 

Naphthalene   160 
Phenanthrene 32 240 780 
Pyrene 24 665 840 

a: BAC are normalised to 2.5% organic carbon. 
b: RIVM-values are normalised to 10% organic matter. 
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Table 3-6 Recalculated BAC and DRL for PAH in marine sediment for each 
scenario, based on organic carbon content. All values in mg/kg dwt. 
Compound BAC (OSPAR) DRL (RIVM) 
 Port of 

Rotterdam 
North 
Sea 

Saba 
Bank 

Port of 
Rotterdam 

North 
Sea 

Saba 
Bank 

Acenaphthene n.a. n.a. n.a. 48.5 31.1 19.6 
Acenaphthylene n.a. n.a. n.a. 8.2 5.3 3.3 
Anthracene 5.7 3.7 2.3 2.3 1.5 0.9 
Benzo(a)anthracene 18.2 11.7 7.4 19.4 12.4 7.8 
Benzo(a)pyrene 34.2 22.0 13.8 237 152 95.8 
Benzo(b)fluoranthene n.a. n.a.  383 246 154 
Benzo(g,h,i)perylene 91.2 58.6 36.8 23.7 15.2 9.6 
Benzo(k)fluoranthene n.a. n.a.  383 246 154 
Chrysene 22.8 14.6 9.2 77.5 49.8 31.3 
Dibenzo(a,h)anthracene n.a. n.a.  8.7 5.6 3.5 
Fluoranthene n.a. n.a.  1991 1279 804 
Fluorene 44.5 28.5 17.9 378 243 152 
Indeno(1,2,3-
c,d)pyrene 

117 75.4 47.4 18.4 11.8 7.4 

Naphthalene n.a. n.a.  77.5 49.8 31.3 
Phenanthrene 36.5 23.4 14.7 378 243 152 
Pyrene 27.4 17.6 11.0 407 261 164 

 
3.3 Relevance of ambient concentrations  

The aim of this report is to investigate the environmental risks of EGCS 
emissions. Following accepted prospective risk assessment procedures, 
this is done by comparing predicted environmental concentrations 
resulting from washwater discharge with environmental quality 
standards. In this way the environmental impact of scrubber emissions 
per se is evaluated. In reality, industrial point sources and diffuse 
emissions will contribute to the actual environmental pressure of 
contaminants in the water bodies under investigation. If ambient 
concentrations are already close to or exceeding quality standards, any 
additional source may lead to non-compliance. Such an integrated 
evaluation could be part of a location specific risk assessment, discharge 
permit authorization procedure and/or a WFD status assessment, but it 
is beyond the scope of this report to determine the importance of EGCS 
emissions relative to other sources. In order to provide some insight into 
the relative importance of scrubber emissions compared to other 
sources, Annex 1 and 2 provide information on ambient concentrations 
of metals and PAH obtained from several literature sources. From these 
data it may be concluded that ambient concentrations in the Port of 
Rotterdam are elevated and, in some cases, already make up a 
substantial part of the EQS. 
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4 Calculation of exposure concentrations 

4.1 Introduction 
The MAMPEC model is used to determine the increases in concentrations 
in marine waters and sediments as a result of EGCS emissions. MAMPEC 
is an integrated hydrodynamic and chemical fate model which uses 
contaminant specific information and emission data to calculate concen-
trations in the receiving water and sediment. Receiving environments 
are characterized by a number of features, such as hydrodynamics, 
water and sediment characteristics, and size of the water body. The 
model was originally developed to assess the environmental exposure of 
antifoulants (Van Hattum et al., 2002). Meanwhile, it was updated 
several times and additional options for ballast water assessment were 
added, and the modelling principles can be applied for other emission 
sources as well. Version 3.1.0.3 (2016) was used in this study to model 
the fate of metals and organic compounds after EGCS emissions. The 
other parameters and substances regulated by MARPOL (pH, suspended 
matter/turbidity and nitrate) cannot be assessed with the model. As 
mentioned earlier, the latter two will discussed separately in this report.  
 
Before running the model, the daily amount of discharged substances 
had to be generated as input. To calculate these amounts, first the 
concentrations of compounds in the washwater were determined. 
Secondly, the amount of washwater produced per EGCS was retrieved to 
calculate the emissions. As it appeared, the amount of washwater is 
related to the power produced by the ship engines. Therefore, the 
composition of the shipping fleet, the number of ships in each study 
area and the number of EGCS were investigated to calculate the amount 
of power, and with that the amount of fuel, ‘washed’ by EGCS. A more 
detailed overview of the calculations can be found in section 4.2. 
MAMPEC settings and input parameters are outlined in section 4.3. 
 

4.2 Calculation of EGCS emissions 
To calculate the amount of contaminants to the receiving water bodies 
by EGCS the following formula was used: 
 
𝑀𝑀 = 𝑄𝑄 ∗ 𝑃𝑃 ∗ 𝑓𝑓 ∗ 𝐶𝐶   (4.1)      
 
in which: 
M = total emission rate of contaminant by all vessels in the study area 

(g/d) 
Q = volume of washwater discharged per unit of generated power 

(m3/MWh) 
P = generated power by all vessel engines in a study area (MWh/d) 
f = fraction of fuel scrubbed by EGCS (-) 
C = concentration of contaminant in washwater, normalized for inlet 

water concentrations (g/m3)  
 
The formula given above is based on the formula given in (Teuchies et 
al., 2020). The emission rate of a contaminant (M) is calculated by 
defining the daily amount of washwater discharged in a water body and 
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the amount of contaminants in the washwater. The daily volume of 
discharged washwater can be calculated by multiplying the specific 
discharge factor of a scrubber per unit of generated power (Q) with the 
total daily power generated by all vessel engines (P) and the fraction of 
fuel scrubbed by EGCS (f). It is assumed that the volume of fuel scrub-
bed and the amount of power generated by engines are proportional. 
The emission rate is obtained by multiplying the daily discharge of 
washwater with the concentration of a contaminant (C) in that water, 
after normalization for contaminants already present in the inlet water. 
Concentrations are normalized by subtracting concentrations in inlet 
water from discharged washwater, in this way only contaminants added 
by the EGCS are taken into account. The following paragraphs give more 
detail on the information and numbers used to calculate the emission 
rate. 
 

 EGCS operation modes 
As discussed in the introduction, there are four types of EGCS commonly 
used at ships: dry scrubbers, open loop scrubbers, closed loop scrubbers 
and hybrid scrubbers. As dry scrubbers do not utilize water to clean the 
exhaust gases, these EGCS do not produce and discharge washwater 
and are not discussed further in this report. While open loop scrubbers 
continuously discharge washwaters when operating, the other two types 
of EGCS are capable of storing washwaters in holding tanks and post-
poning the discharge. In a number of harbours the discharge of wash-
water from EGCS is prohibited, limiting the use of open loop scrubbers 
(Britannia P&I, 2020). On open seas and many harbours, including 
ECAs, PSSAs and the Port of Rotterdam, discharge of washwater is still 
allowed when the EGCS comply to the MARPOL regulations. In this 
report it was therefore assumed that no restrictions apply to the dis-
charge of washwaters. In the absence of specific information, it was 
further assumed that ships are continuously utilizing EGCS, independent 
of the geographical location and including at anchor. This is considered a 
worst-case scenario. As ships at anchor consume less fuel than during 
sailing, there is a difference in the utilization of EGCS. As the amount of 
discharged contaminants is proportional to the amount of fuel 
consumed, this is taken into account in the report.  
 

 Specific water consumption (Q) and fraction of fuel scrubbed (f) 
Table 4-1 gives information on the specific water consumption (Q) and 
fraction of fuel scrubbed (f). A generic value of 45 m3/MWh was used for 
the specific water consumption as approximate average for open loop 
scrubbers (MEPC, 2008). This value was selected since for washwater 
concentrations (C) only samples from open loop scrubbers were taken 
into account. Around 20% of the scrubbers are, however, hybrid or 
closed loop scrubbers. These scrubbers are able to store their 
washwater. In this study it was assumed that all scrubbers operate as 
an open loop scrubber, i.e., continuously discharge water. In addition, it 
was assumed that open loop scrubbers, hybrid scrubbers, and closed 
loop scrubbers are equally effective in scrubbing exhaust fumes. The 
emission rates (M) of all types of scrubbers were therefore considered 
equal. Based on these assumptions, no differentiation was made for 
scrubber type. 
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The global fleet annual fuel consumption currently scrubbed by EGCS is 
estimated to be around 15%, hence a value of 0.15 was used for the 
fraction of fuel scrubbed by EGCS (f) in equation 4.1 (EGCSA, 2019). 
This equals 7% of the global fleet (EGCSA, 2019). As an additional 
scenario, it was assumed that the volume of fuel scrubbed by EGCS 
doubles3. For this second scenario, a value of 0.30 was assumed for 
parameter f. Both usage scenarios were modelled for the Port of 
Rotterdam and the North Sea. For the Saba Bank only the high use 
scenario was modelled as the estimated density of ships, and 
subsequently the amount of fuel consumed and scrubbed by EGCS, was 
low compared to the Port of Rotterdam and the North Sea. In this study, 
it was assumed that EGCS are evenly distributed over all sea-going 
vessels and therefore are equally present in each study area.  
 
Table 4-1 Specific water consumption (in m3/MWh) of an open loop scrubber and 
fractions of fuel scrubbed by EGCS for current and high (future) EGCS usage. 
Parameter Value 
Specific water consumption 45 
Fraction of fuel scrubbed by EGCS - current usage 0.15 
Fraction of fuel scrubbed by EGCS - high usage 0.30 

 
 Generated power by all vessel engines (P) 

The total power generated by vessel engines in each study area is 
dependent on three parameters: 1) number of ships in each area 2) the 
engine power of the ships and 3) whether the ships are sailing or at 
anchor. The average number of ships and fraction moving/at anchor 
were estimated based on data from (MARIN, 2020) and (MEPC, 2012). 
The engine power of the ships was averaged based on all sea-going 
ships. The total generated power in each study area is given in Table 
4-2, the full details are given in Annex 3.  
 
Table 4-2 Total generated power by ship engines per day (MWh/d) for each 
scenario. 
Parameter Port of 

Rotterdam 
North 
Sea 

Saba 
bank 

Total generated power per day (P) 3,746 18,465 53.3 
 

 Normalized washwater concentrations (C) 
Concentrations in washwater were obtained from a study by CE Delft 
(CE Delft, 2019). In this study, 11 metals and 16 PAH were analysed 
and reported for more than 250 washwater samples (CE Delft, 2019). A 
normalization procedure was used to correct for contaminant levels 
already present in inlet water. The average normalized concentrations 
can be found in Table 4-3.  
  
  

 
3 Based on personal communication with Yara it is expected that the number of EGCS will increase in the future 
when the price differential between low-sulphur fuels are high-sulphur fuels stays significant (Yara, 2020).  
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Table 4-3 Average normalized metal and PAH concentrations in EGCS 
washwaters (CE Delft, 2019). All concentrations in total µg/L. 
Metals PAH 
Arsenic 6.4 Acenaphthene 0.2 
Cadmium 1.9 Acenaphthylene 0.12 
Chromium 18 Anthracene 1.8 
Copper 250 Benzo(a)anthracene 0.3 
Mercury 0.1 Benzo(a)pyrene 0.042 
Nickel 120 Benzo(b)fluoranthene 0.048 
Lead 0.2 Benzo(g,h,i)perylene 0.047 
Selenium 15 Benzo(k)fluoranthene 0.01 
Thallium 5.3 Chrysene 0.25 
Vanadium 140 Dibenzo(a,h)anthracene 0.019 
Zinc 320 Fluoranthene 0.21 
  Fluorene 0.57 
  Indeno(1,2,3-c,d)pyrene 0.049 
  

 
Naphthalene 3.5 

  Phenanthrene 2 
  Pyrene 0.36 
  PAH total 9.525 

 
 Emission rate as input in MAMPEC 

As a final step, the calculated emission rates per study area were 
corrected for the difference in sizes between the actual study areas and 
the size of the equivalent MAMPEC scenarios. The following formula was 
applied to calculate the emissions for each scenario: 
 
𝑚𝑚 = �𝑀𝑀

𝐴𝐴
� ∗ 𝐴𝐴𝐴𝐴     (4.2) 

in which: 
 
m = emission rate of a contaminant per MAMPEC scenario (g/d) 
M = total emission rate of contaminant by all vessels in the actual 

study area (g/d) 
A = surface area of the actual study area (km2) 
As = surface area MAMPEC scenario (km2) 
 
More information on the calculations can be found in Annex 4. 
A summary of the emission rates, used as input for MAMPEC, is given in 
Table 4-4. As can be seen from the table, for selenium two so-called 
chemical species were modelled. As the nature of selenium in EGCS 
washwaters is unknown and multiple species might be present, the load 
of selenium was divided equally over the two commonly found chemical 
Se species. For chromium it was assumed that solely chromium(III) is 
released, even though chromium(VI) could be discharged as well. 
Unfortunately no information is available on the ratio of chromium(III) 
to chromium(VI) in scrubber wastewater. The same is true with regard 
to the fate of the chromium species released to the marine environment 
as no information is available on the extent of transformation of 
chromium(III) into chromium(VI). 
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Finally it is to be noted that although it is known that chromium(VI) is 
more toxic than chromium(III), the EQS does not differentiate between 
these chemical species. In view of these observations it was decided to 
consider only the chromium(III) species in the fate modelling of 
chromium released via scrubber washwater. The data show that 
emissions are highest for the commercial harbour, primarily as a result 
of a higher ship density. Note that the surface area of the MAMPEC 
scenario for the commercial harbour is smaller than the other study 
areas, indicating an even larger difference in emissions when using 
similar scenarios. 
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Table 4-4: Emission rates of metals and PAH for each scenario and for current EGCS use (15% of fuel) and future high use (30% 
of fuel). Emission rates are based on vessel data for three actual study areas, corrected for the size of the equivalent MAMPEC 
scenarios. All values in g/d. 
Compound Commercial harbour 

(Port of Rotterdam) 
Shipping lane 
(North Sea) 

Open sea 
(Saba Bank) 

  Current High Current High Current High 
Arsenic 6.7E+01 1.3E+02 2.8E+01 5.5E+01 1.7E-01 3.4E-01 
Cadmium 2.0E+01 4.0E+01 8.2E+00 1.6E+01 5.0E-02 1.0E-01 
Chromium 1.9E+02 3.8E+02 7.7E+01 1.5E+02 4.8E-01 9.7E-01 
Copper 2.6E+03 5.3E+03 1.1E+03 2.1E+03 6.7E+00 1.3E+01 
Mercury 1.1E+00 2.1E+00 4.3E-01 8.6E-01 2.7E-03 5.4E-03 
Nickel 1.3E+03 2.5E+03 5.2E+02 1.0E+03 3.2E+00 6.4E+00 
Lead 2.1E+00 4.2E+00 8.6E-01 1.7E+00 5.3E-03 1.1E-02 
Selenium (IV) 7.9E+01 3.2E+02 3.2E+01 6.4E+01 4.0E-01 8.1E-01 
Selenium (VI) 7.9E+01 3.2E+02 3.2E+01 6.4E+01 4.0E-01 8.1E-01 
Thallium 5.6E+01 1.1E+02 2.3E+01 4.6E+01 1.4E-01 2.8E-01 
Vanadium 1.5E+03 2.9E+03 6.0E+02 1.2E+03 3.8E+00 7.5E+00 
Zinc 3.4E+03 6.7E+03 1.4E+03 2.8E+03 8.6E+00 1.7E+01 
       
Acenaphthene 2.1E+00 4.2E+00 8.6E-01 1.7E+00 5.4E-03 1.1E-02 
Acenaphthylene 1.3E+00 2.5E+00 5.2E-01 1.0E+00 3.2E-03 6.4E-03 
Anthracene 1.9E+01 3.8E+01 7.7E+00 1.5E+01 4.8E-02 9.7E-02 
Benzo(a)anthracene 3.2E+00 6.3E+00 1.3E+00 2.6E+00 8.1E-03 1.6E-02 
Benzo(a)pyrene 4.4E-01 8.8E-01 1.8E-01 3.6E-01 1.1E-03 2.3E-03 
Benzo(b)fluoranthene 5.0E-01 1.0E+00 2.1E-01 4.1E-01 1.3E-03 2.6E-03 
Benzo(g,h,i)perylene 4.9E-01 9.9E-01 2.0E-01 4.0E-01 1.3E-03 2.5E-03 
Benzo(k)fluoranthene 1.1E-01 2.1E-01 4.0E-02 9.0E-02 3.0E-04 5.0E-04 
Chrysene 2.6E+00 5.3E+00 1.1E+00 2.2E+00 6.7E-03 1.3E-02 
Dibenzo(a,h)anthracene 2.0E-01 4.0E-01 8.0E-02 1.6E-01 5.0E-04 1.0E-03 
Fluoranthene 2.2E+00 4.4E+00 9.0E-01 1.8E+00 5.6E-03 1.1E-02 
Fluorene 6.0E+00 1.2E+01 2.5E+00 4.9E+00 1.5E-02 3.1E-02 
Indeno(1,2,3-c,d)pyrene 5.2E-01 1.0E+00 2.1E-01 4.2E-01 1.3E-03 2.6E-03 
Naphthalene 3.7E+01 7.4E+01 1.5E+01 3.0E+01 9.4E-02 1.9E-01 
Phenanthrene 2.1E+01 4.2E+01 8.6E+00 1.7E+01 5.4E-02 1.1E-01 
Pyrene 3.8E+00 7.6E+00 1.6E+00 3.1E+00 9.7E-03 1.9E-02 
PAH total 1.0E+02 2.0E+02 4.1E+01 8.2E+01 2.6E-01 5.1E-01 
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4.3 Running the MAMPEC model 
The MAMPEC model calculates steady state concentrations for water 
(total and freely dissolved), suspended matter and sediment. For the 
water compartment, freely dissolved concentrations were utilized for 
metals and total concentrations for PAH in order to compare these to the 
available quality standards. For sediment, concentrations after 20 years 
of EGCS emissions were selected as these represent a worst-case 
situation after long-term emissions of persistent compounds. As it is 
expected that a commercial harbour like the Port of Rotterdam is 
dredged regularly, the concentrations after 5 year of EGCS emissions 
are provided as well. For the commercial harbour, the model calculates 
concentrations inside the harbour, as well as in the water body outside 
the harbour mouth (surrounding environment). 
 

 Model settings 
For the Port of Rotterdam and the North Sea scenarios, default settings 
of the commercial harbour and shipping lane were retained. For the 
Saba bank, some of the open sea scenario characteristics were adjusted 
to reflect characteristics similar to the Caribbean Sea. The values used 
in this scenario can be found in Table 4-5. 
 
MAMPEC offers the option to distinguish emissions from ships at berth 
and ships moving. The emissions from ships moving are distributed 
equally over the total surface, whereas emissions from ships at berth 
take place at specific spots. As we assume that the discharge of 
washwater takes place over the total surface area, emission rates were 
entered as if all ships were sailing. 
 
Table 4-5 Adjusted parameters in order to optimize the open sea (Saba Bank) 
scenario in MAMPEC. 
Parameter Unit Default 

Scenario 
Saba Bank 
Scenario 

Suspended Particulate Matter (SPM) mg/L 5 0.5a 
Particulate Organic Carbon (POC) mg/L 0.3 0.16a 

Dissolved Organic Carbon (DOC) mg/L 0.2 0.87a 

Temperature °C 15 30a 

Chlorophyll µg/L 3 0.15b 

Depth m 20 25c 

a: Estimation based on Van Duyl et al. (2018). 
b: Estimation based on Slijkerman et al. (2014). 
c: Estimation based on various maps of the area. 
 

 Compound characteristics 
For all metals and PAH examined, compound characteristics had to be 
provided in order for the MAMPEC model to determine the fate of these 
compounds. These were obtained from the report of CE Delft. One of the 
most important compound characteristics is the sediment-water 
distribution coefficient (Kd), which describes the distribution of 
compounds between water and sediment. For metals, the CE Delft 
report uses mean Kd values from Allison and Allison (2005) These Kd 
values are given in Table 4-6. The Kd values reported in the literature 
are highly variable, depending on e.g., the soil or sediment source, 
experimental procedures and analytical techniques. The report of Allison 
and Allison (2005) demonstrates that minimum values for Kd can be up 
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to 200 times lower than the mean values, while maximum values can be 
up to 125 times higher. The used mean values also differ in comparison 
to the established partitioning coefficients previously derived in the 
context of Dutch environmental policy (RIVM, 2020). The discussion 
(chapter 6) provides more information on the effect of applying a 
different Kd value on the calculations of MAMPEC.  
 
Table 4-6 Distribution coefficients (m3/kg) for metals used in MAMPEC. 
Compound Partition coefficient (Kd)  
Arsenic 8 
Cadmium 79 
Chromium 126 
Copper 50 
Mercury 200 
Nickel 25 
Lead 501 
Selenium (IV) 25.1 
Selenium (VI) 6.3 
Thallium 12.6 
Vanadium 5 
Zinc 100 

 
For PAH, additional information was required to run MAMPEC. Values for 
octanol-water partition coefficient (log Kow), organic carbon partition 
coefficient (log Koc), water solubility, vapour pressure and the Henry’s 
law constant were derived from the report of CE Delft as well. These 
values were based on a combination of experimental and predicted 
values. The values were converted to appropriate units as input for 
MAMPEC (Table 4-7). Note that Kow and Koc values of some PAH also 
differ in comparison to other studies (e.g. Verbruggen, 2012), however 
this appears to be in a less extent than for metals. Biological 
degradation was assumed to be negligible in this study, which 
represents a worst-case assumption and is therefore not given in the 
table.
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Table 4-7 Compound characteristics of the PAH used in the MAMPEC calculations. 
Compound log Kow log Koc Vapour pressure  

(Pa) 
Water solubility 
(g/m3)  

Henry coefficient 
(Pa*m3/mol) 

Acenaphthene 3.9 3.7 1.7E-01 2.5E+00 2.9E+01 
Acenaphthylene 3.9 3.7 1.7E-01 2.5E+00 5.6E+00 
Anthracene 4.5 4.2 2.9E-04 6.9E-01 5.2E+00 
Benzo(a)anthracene 5.8 5.2 3.6E-05 2.9E-02 5.1E-01 
Benzo(a)pyrene 6.1 5.8 1.3E-07 1.0E-02 8.2E-02 
Benzo(b)fluoranthene 5.8 5.8 3.3E-06 2.1E-02 8.2E-02 
Benzo(g,h,i)perylene 6.6 6.3 1.3E-08 2.8E-03 1.3E-02 
Benzo(k)fluoranthene 6.1 5.8 1.0E-07 1.1E-02 8.2E-02 
Chrysene 5.8 5.3 2.1E-07 2.6E-02 5.1E-01 
Dibenzo(a,h)anthracene 6.8 6.3 1.9E-09 3.3E-03 5.0E-02 
Fluoranthene 5.2 4.7 4.2E-04 1.3E-01 8.4E-01 
Fluorene 4.2 4.0 4.4E-02 1.3E+00 1.7E+01 
Indeno(1,2,3-c,d)pyrene 6.7 6.3 1.7E-08 2.5E-03 1.3E-02 
Naphthalene 3.3 3.2 5.4E+00 1.4E+02 5.3E+01 
Phenanthrene 4.5 4.2 5.8E-03 6.8E-01 5.2E+00 
Pyrene 4.9 4.7 4.6E-05 2.2E-01 8.4E-01 
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5 Results 

5.1 Calculated concentrations in marine water and sediment 
This paragraph demonstrates the outcomes of the MAMPEC model for 
each studied area. Again, note that the presented concentrations in 
sediments and water represent the estimated concentrations for three 
generic scenarios (commercial harbour, shipping lane and open sea), 
using emission data from three marine locations in the Dutch territorial 
seas and harbours (Port of Rotterdam, the North Sea and the Saba 
Bank). The increase in concentrations as a result of EGCS discharges is 
presented for the different scenarios in separate figures for metals and 
PAH. Where applicable, natural background concentrations are taken 
into account in the comparison of concentrations with quality standards 
in the next section (5.3). Note that most of the presented results in the 
figures differ in size and comparison of the different study areas should, 
therefore, be done carefully. For some contaminants the increase is 
relatively limited and therefore too low to be visible in the figures. 
Calculated mean and 95% Upper Confidence Limit (95% UCL) 
concentrations are given for each contaminant, for two compartments 
(water and sediment) and for the current volumes of fuel scrubbed 
(15%) and for future (high) volumes of fuel scrubbed (30%). The mean 
and 95% UCL concentrations are calculated based on the variation in 
concentrations within the environmental models of MAMPEC. Hereby the 
95% UCL represents the 95th percentile and is considered as a worst-
case estimate of predicted contaminant concentrations in water or 
sediment.  
 

 Commercial Harbour (Port of Rotterdam) 
Inside the harbour 
Figure 5-1 and Figure 5-2 show the increases in concentrations of 
metals and PAH in water due to EGCS discharges. For metals, the 
highest equilibrium concentrations were modelled for vanadium, copper, 
zinc and nickel. This corresponds to the relatively high amounts of these 
metals that are discharged by EGCS in this model (Table 4-4). This 
implies that the emission rates of each contaminant play a dominant 
role in the modelled concentrations, rather than distribution processes. 
For PAH, the highest concentrations were modelled for anthracene, 
naphthalene and phenanthrene. Both figures demonstrate that the 
equilibrium concentrations double when the fraction of fuel scrubbed 
increases from 15 to 30%. This is similar to the other modelled study 
areas. This implies that the increase in concentrations is directly 
proportional to amount of fuel scrubbed. This observation will not further 
be discussed in the other sections.  
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Figure 5-1 Increase in concentrations of dissolved metals in the water of the 
commercial harbour as a result of EGCS discharges. Current = 15% of fuel 
scrubbed, High = 30% of fuel scrubbed.  
 

 
Figure 5-2 Increase in total concentrations of PAH in the water of the 
commercial harbour as a result of EGCS discharges. Current = 15% of fuel 
scrubbed, High = 30% of fuel scrubbed. 
 
The increase in sediment concentrations due to EGCS discharges after 
20 years are given in Figure 5-3 and Figure 5-4. Similarly to the water 
compartment, concentrations of zinc, copper and nickel primarily 
increase in the sediment. While vanadium is discharged in comparable 
amounts to nickel, the increase in sediment concentrations is relatively 
small. This is due to the low distribution coefficient of vanadium 
compared to nickel (Table 4-6). For PAH, highest sediment 
concentrations are calculated for benzo(a)anthracene, chrysene and 
phenanthrene. Similarly to the water compartment, a doubling in the 
amount of fuel scrubbed results in concentrations twice as high.  
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Figure 5-3 Increase in concentrations of metals in the sediment of the 
commercial harbour after 20 years of daily discharge. Current = 15% of fuel 
scrubbed, High = 30% of fuel scrubbed. 
 

Figure 5-4 Increase in concentrations of PAH in the sediment of the commercial 
harbour after 20 years of daily discharge. Current = 15% of fuel scrubbed, High 
= 30% of fuel scrubbed. 
 
Surrounding Environment 
For the surrounding environment of the commercial harbour, the 
increase in concentrations of contaminants are given in Figure 5-5 and 
Figure 5-6. Surface water concentrations show a similar pattern as 
inside the harbour, but concentrations are lower. For both metals and 
PAH and for current and high use, the increase in average concentra-
tions in the surrounding environment is approximately 13.5 times lower 
than inside the harbour while the 95% UCL concentrations are 5.5 times 
lower after 20 years.  
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Figure 5-5 Increase in concentrations of dissolved metals in the surrounding 
environment of the commercial harbour as a result of EGCS discharges. Current 
= 15% of fuel scrubbed, High = 30% of fuel scrubbed. 
 

Figure 5-6 Increase in total concentrations of PAH in the surrounding 
environment of the commercial harbour as a result of EGCS discharges. Current 
= 15% of fuel scrubbed, High = 30% of fuel scrubbed. 
 
The modelled concentrations in sediments in the surrounding 
environment after 20 years are given in Figure 5-7 and Figure 5-8. 
Likewise to inside the harbour, copper, nickel and zinc primarily 
accumulate in the sediments of the surrounding environment. For PAH, 
concentrations of benzo(a)anthracene, chrysene and phenanthrene 
mainly increase as a result of EGCS emission. The concentrations of 
both metals and PAH are, similar to the water compartment, 13.5 and 
5.5 times lower compared to the harbour for the mean and 95% UCL 
modelled concentrations, respectively. 
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Figure 5-7 Increase in concentrations of metals in the sediment of the 
surrounding environment of the commercial harbour after 20 years of daily 
discharge. Current = 15% of fuel scrubbed, High = 30% of fuel scrubbed. 
 

 
Figure 5-8 Increase in concentrations of PAH in the sediment of the surrounding 
environment of the commercial harbour after 20 years of daily discharge. 
Current = 15% of fuel scrubbed, High = 30% of fuel scrubbed. 
 

 Shipping Lane (North Sea) 
The calculated increase in concentrations in water for the shipping lane 
is given in Figure 5-9 and Figure 5-10. For metals, concentrations of 
copper, nickel, vanadium and zinc increase most due to EGCS emiss-
ions. These are also the metals found in the highest concentrations in 
washwaters. While the commercial harbour scenario exhibits the highest 
increase in concentrations for vanadium, concentrations of zinc increase 
relatively most in the shipping lane scenario. For PAH, the largest 
increase in concentration is calculated for anthracene, naphthalene and 
phenanthrene. The relative PAH concentrations are similar to those 
calculated for inside the commercial harbour, however the calculated 
concentrations are substantially lower.  
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Figure 5-9 Increase in concentrations of dissolved metals in the shipping lane as 
a result of EGCS discharges. Current = 15% of fuel scrubbed, High = 30% of 
fuel scrubbed. 
 

Figure 5-10 Increase in total concentrations of PAH in the shipping lane as a 
result of EGCS discharges. Current = 15% of fuel scrubbed, High = 30% of fuel 
scrubbed. 
 
Figure 5-11 and Figure 5-12 demonstrate the calculated increase in 
sediment concentrations for the shipping lane. For metals, primarily 
zinc, copper and nickel end up in the sediments. These results are 
similar to the results of the commercial harbour, although the increase 
in concentrations is less. For PAH, benzo(a)anthracene, 
benzo(g,h,i)perylene, chrysene and indeno(1,2,3-c,d)pyrene show a 
higher increase than other PAH. 
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Figure 5-11 Increase in concentrations of metals in the sediment of the shipping 
lane after 20 years of daily discharge. Current = 15% of fuel scrubbed, High = 
30% of fuel scrubbed. 
 

 
Figure 5-12 Increase in concentrations of PAH in the sediment of the shipping 
lane after 20 years of daily discharge. Current = 15% of fuel scrubbed, High = 
30% of fuel scrubbed. 
 

 Open Sea (Saba Bank) 
The modelled increase in concentrations of contaminants in water is 
given in Figure 5-13 and Figure 5-14. Similar to the other areas, copper, 
nickel, vanadium and zinc show the highest increase. For PAH, 
anthracene, naphthalene and phenanthrene increase most. The overall 
increase in contaminants is very low compared to the locations in the 
comparable shipping lane scenario, which is due to the low ship density. 
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Figure 5-13 Increase in concentrations of dissolved metals in the open sea 
scenario as a result of EGCS discharges. High = 30% of fuel scrubbed. 
 

 
Figure 5-14 Increase in total concentrations of PAH in the open sea scenario as a 
result of EGCS discharges. High = 30% of fuel scrubbed. 
 
The results for sediments are given in Figure 5-15 and Figure 5-16. The 
increase of the sediment concentrations due to EGCS emissions is very 
low. For metals, highest concentrations were calculated for zinc, copper 
and to a lesser extent nickel. For PAH, especially benzo(a)anthracene, 
benzo(g,h,i)perylene, chrysene and indeno(1,2,3-c,d)pyrene increased. 
The ratio between the contaminants is in line with the calculations for 
the other locations. 
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Figure 5-15 Increase in concentrations of metals in the sediment of the open sea 
after 20 years of daily discharge. High = 30% of fuel scrubbed. 
 

Figure 5-16 Increase in concentrations of PAH in the sediment of the open sea 
after 20 years of daily discharge. High = 30% of fuel scrubbed. 
 

5.2 Comparison of environmental concentrations with EQS  
 Surface water  

The modelled concentrations of metals in water are shown in Table 5-1 
for the different study areas, together with the existing AA-EQS and 
natural background concentrations for marine waters. For mercury the 
increase in concentration is highest compared to the existing AA-EQS and 
amounts to 0.75% of the standard in the scenario with 15% of fuel 
scrubbed in the commercial harbour. The concentrations copper and zinc 
equal 0.11 and 0.10% of the AA-EQS. For the high use scenario the 
increase is twice as high. However, for none of the scenarios the increase 
in concentrations on its own leads to exceedance of the AA-EQS. This also 
holds for those metals for which the natural background concentration is 
already included in the AA-EQS. As indicated in section 3.3, elevated 
ambient concentrations due to other sources may still lead to non-
compliance, but this aspect is beyond the scope of the present study. 
Mercury is a special case as the officially set natural background 
concentration is already higher than the AA-EQS. Any addition will thus 
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result in further non-compliance. For three metals - selenium, thallium 
and vanadium - no water quality standards for marine water are available 
and the risk associated with the emission of these metals could therefore 
not be assessed. However, for selenium it can be seen that the highest 
calculated added concentration (8.5 x 10-4 µg/L) is still only 1.4% of the 
natural background concentration for marine waters (0.059 µg/L). For 
vanadium, this is 0.9%. This may be an indication that the impact of 
scrubber emissions is limited. 
 
For PAH, the results are given in Table 5-2. Similar to metals, emissions 
of PAH are not expected to exceed the AA-EQS. The predicted concen-
tration of benzo(a)anthracene inside the commercial harbour is highest 
compared to the AA-EQS, respectively 5 and 10% of the AA-EQS with 
current and high use, respectively. The increase in benzo(a)pyrene and 
chrysene concentration is also relatively high with 1.0 and 0.75% of the 
AA-EQS in the standard scenario and 2.0 and 1.5% in the high scenario of 
the commercial harbour. A limited increase in concentrations of PAH is 
calculated for the other study areas. 
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Table 5-1 Water quality standard (AA-EQS), natural background concentrations (BC) and modelled 95% UCL dissolved 
concentrations of metals (PEC), considering EGCS for current (15% of fuel) and high (30% of fuel) usage. All values in µg/L, 
expressed as dissolved concentrations. 
Compound AA-EQS 

marine 
BC 
marine 

Commercial harbour (Port of Rotterdam) Shipping lane 
(North Sea) 

Open sea 
(Saba Bank) inside harbour surroundings 

   Current High  Current High Current High  High 
Arsenic 0.6  0.62 2.11E-04 4.21E-04 3.75E-05 7.50E-05 6.12E-06 1.22E-05 6.34E-08 
Cadmium 0.2 0.02 2.06E-05 4.11E-05 3.68E-06 7.37E-06 1.36E-06 2.71E-06 1.82E-08 
Chromium 0.6 n.a. 1.35E-04 2.70E-04 2.42E-05 4.83E-05 1.10E-05 2.20E-05 1.68E-07 
Coppera 3.5 0.4 3.73E-03 7.45E-03 6.66E-04 1.33E-03 1.99E-04 3.98E-04 2.42E-06 
Lead 1.3 0.02 4.33E-07 8.66E-07 7.77E-08 1.55E-07 5.68E-08 1.14E-07 1.58E-09 
Mercuryb 0.07 ng/Ld 0.003 5.28E-07 1.01E-06 9.46E-08 1.81E-07 4.97E-08 9.95E-08 9.04E-10 
Nickel 8.6 0.25 2.65E-03 5.30E-03 4.73E-04 9.47E-04 1.06E-04 2.12E-04 1.18E-06 
Seleniumc n.a. 0.059 4.25E-04 8.50E-04 7.57E-05 1.51E-04 1.39E-05 2.77E-05 2.98E-07 
Thallium n.a. n.a. 1.54E-04 3.08E-04 2.74E-05 5.49E-05 4.96E-06 9.92E-06 5.15E-08 
Vanadiumc n.a. 1.1 5.04E-03 1.01E-02 8.97E-04 1.79E-03 1.36E-04 2.72E-04 1.39E-06 
Zinc 3 0.4 2.89E-03 5.77E-03 5.17E-04 1.03E-03 2.12E-04 4.24E-04 3.03E-06 
a:  The sum of the PEC and BC are compared with the AA-EQS. 
b: Since the natural background is higher than the AA-EQS, any addition will result in exceedance of the AA-EQS. 
c: In the absence of an AA-EQS, the PEC is compared with the BC.  
d: 0.07 ng/L = 7.00E-05 µg/L. 
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Table 5-2 Water quality standard and modelled 95% UCL concentrations for PAH, considering EGCS for current (15% of fuel) and 
high (30% of fuel) usage. All values in µg/L, expressed as total concentrations, unless stated otherwise. 
Compound AA-EQS 

marine 
Commercial harbour (Port of 

Rotterdam) 
Shipping lane 
(North Sea) 

Open sea 
(Saba Bank) 

inside harbour surroundings 
  Current High  Current High Current High  High 
Acenaphthene 3.8a 7.80E-06 1.56E-05 1.41E-06 2.81E-06 1.98E-07 3.95E-07 1.97E-09 
Acenaphthylene 0.1 4.96E-06 9.85E-06 8.86E-07 1.76E-06 1.20E-07 2.38E-07 1.18E-09 
Anthracene 0.1 7.47E-05 1.50E-04 1.33E-05 2.67E-05 1.79E-06 3.57E-06 1.78E-08 
Benzo(a)anthracene 0.00027 1.27E-05 2.54E-05 2.25E-06 4.51E-06 2.99E-07 5.97E-07 2.84E-09 
Benzo(a)pyrene 0.00017 1.75E-06 3.50E-06 3.12E-07 6.24E-07 4.17E-08 8.33E-08 3.64E-10 
Benzo(b)fluoranthene see BaPb 1.99E-06 4.01E-06 3.54E-07 7.16E-07 4.86E-08 9.49E-08 4.10E-10 
Benzo(g,h,i)perylene see BaPb 1.92E-06 3.88E-06 3.43E-07 6.93E-07 4.63E-08 9.26E-08 2.96E-10 
Benzo(k)fluoranthene see BaPb 4.37E-07 8.35E-07 7.80E-08 1.49E-07 9.26E-09 2.08E-08 7.91E-11 
Chrysene 0.0014 1.06E-05 2.11E-05 1.88E-06 3.76E-06 2.48E-07 4.98E-07 2.36E-09 
Dibenzo(a,h)anthracene 1.02 ng/Lc 7.84E-07 1.57E-06 1.40E-07 2.80E-07 1.85E-08 3.70E-08 1.19E-10 
Fluoranthene 0.0063 8.91E-06 1.78E-05 1.59E-06 3.17E-06 2.08E-07 4.19E-07 2.06E-09 
Fluorene 0.30 2.28E-05 4.56E-05 4.09E-06 8.19E-06 5.64E-07 1.13E-06 5.63E-09 
Indeno(1,2,3-c,d)pyrene see BaPb 2.04E-06 4.04E-06 3.64E-07 7.21E-07 4.86E-08 9.72E-08 3.07E-10 
Naphthalene 2 1.32E-04 2.64E-04 2.39E-05 4.79E-05 3.45E-06 6.90E-06 3.45E-08 
Phenanthrene 1.1 8.31E-05 1.66E-04 1.48E-05 2.97E-05 1.99E-06 3.97E-06 1.98E-08 
Pyrene 0.024 1.53E-05 3.05E-05 2.72E-06 5.43E-06 3.59E-07 7.15E-07 3.52E-09 
a: Indicative value for freshwater; dissolved; not officially set value. 
b: Directive 2013/39/EU states the following: For the group of priority substances of polyaromatic hydrocarbons (PAH), the biota EQS and 

corresponding AA-EQS in water refer to the concentration of benzo(a)pyrene (BaP), on the toxicity of which they are based. Benzo(a)pyrene 
can be considered as a marker for the other PAH, hence only benzo(a)pyrene needs to be monitored for comparison with the biota EQS or 
the corresponding AA- EQS in water. 

c: Indicative value for freshwater; dissolved; officially set value.
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 Sediment 
The increases in metal concentrations in sediments and the sediment 
quality standards (BAC and ERL) are given in Table 5-3. The scenarios 
for the commercial harbour, shipping lane and open sea demonstrate a 
limited increase in concentrations. It is not expected that discharge of 
washwaters from EGCS will exceed the BAC or the ERL. For copper, the 
95% CI of the high use scenario will result in concentrations equal to 
1% BAC after 20 years, while nickel and zinc contribute to approxi-
mately 0.25 and 0.30% of the BAC, respectively after 20 years. Besides 
vanadium, these metals are most abundant in EGCS washwater. For 
vanadium, no BAC or ERL was available. The increase in concentration of 
PAH in sediments is given together with the BAC (Table 5-4) and DRL 
(Table 5-5). Emissions result in limited increases of sediment concen-
trations. Similar to metals, the highest concentrations are expected for 
the commercial harbour.  
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Table 5-3 OSPAR Background Assessment Concentrations (BAC), Effect Range Low (ERL) concentrations and modelled 95% UCL 
concentrations after 20 years for metals in sediment. All values in mg/kg dwt. 
Compound BAC ERL Commercial harbour (Port of Rotterdam) Shipping lane 

(North Sea) 
Open sea 

(Saba Bank) inside harbour surroundings 
   Current High  Current High Current High  High 
Arsenic 25 8.2 1.22E-03 2.43E-03 2.16E-04 4.33E-04 3.45E-06 6.90E-06 3.69E-09 
Cadmium 0.31 1.2 1.17E-03 2.34E-03 2.10E-04 4.20E-04 7.54E-06 1.51E-05 1.04E-08 
Chromium 81 81 0.012 0.0245 2.20E-03 4.39E-03 9.74E-05 1.95E-04 1.54E-07 
Copper 27 34 0.134 0.2687 0.024 0.048 7.00E-04 1.40E-03 8.80E-07 
Lead 0.07 0.15 1.56E-04 3.13E-04 2.81E-05 5.61E-05 2.00E-06 4.00E-06 5.77E-09 
Mercury 36 21 7.61E-05 1.45E-04 1.37E-05 2.61E-05 7.00E-07 1.40E-06 1.31E-09 
Nickel 38 47 0.0478 0.0956 8.54E-03 0.017 1.87E-04 3.73E-04 2.14E-07 
Selenium n.a. n.a. 4.18E-03 8.35E-03 7.45E-04 1.49E-03 1.49E-05 2.99E-05 3.39E-08 
Thallium n.a. n.a. 1.40E-03 2.80E-03 2.49E-04 4.99E-04 4.40E-06 8.80E-06 4.72E-09 
Vanadium n.a. n.a. 0.018 0.0364 3.24E-03 6.47E-03 4.78E-05 9.57E-05 5.05E-08 
Zinc 122 150 0.208 0.4165 0.037 0.075 1.49E-03 2.99E-03 2.20E-06 
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Table 5-4 Normalized Background Assessment Concentrations (BAC) and modelled 95% UCL concentrations after 20 years for PAH 
in sediment. All values in mg/kg dwt. 

Compound BAC 
Port of 
Rotterdam 

BAC 
North 
Sea 

BAC 
Saba 
Bank 

Commercial harbour (Port of Rotterdam) Shipping lane 
(North Sea) 

Open sea 
(Saba Bank) 

inside harbour surrounding   

    Current High  Current High  Current High  High 
Acenaphthene n.a. n.a. n.a. 8.02E-07 1.60E-06 1.45E-07 2.89E-07 4.19E-09 8.38E-09 2.30E-11 
Acenaphthylene n.a. n.a. n.a. 5.10E-07 1.01E-06 9.11E-08 1.81E-07 2.54E-09 5.04E-09 1.38E-11 
Anthracene 5.7 3.7 2.3 2.47E-05 4.95E-05 4.40E-06 8.83E-06 1.23E-07 2.46E-07 6.78E-10 
Benzo(a)anthracene 18.2 11.7 7.4 3.75E-05 7.52E-05 6.68E-06 1.34E-05 2.11E-07 4.22E-07 1.17E-09 
Benzo(a)pyrene 34.2 22.0 13.8 1.20E-05 2.40E-05 2.14E-06 4.28E-06 8.66E-08 1.73E-07 4.97E-10 
Benzo(b)fluoranthene n.a. n.a. n.a. 1.38E-05 2.79E-05 2.46E-06 4.97E-06 1.03E-07 2.01E-07 5.72E-10 
Benzo(g,h,i)perylene 91.2 58.6 36.8 2.18E-05 4.41E-05 3.90E-06 7.88E-06 2.32E-07 4.64E-07 1.34E-09 
Benzo(k)fluoranthene n.a. n.a. n.a. 3.00E-06 5.73E-06 5.35E-07 1.02E-06 1.92E-08 4.33E-08 1.08E-10 
Chrysene 22.8 14.6 9.2 3.18E-05 6.36E-05 5.66E-06 1.13E-05 1.78E-07 3.58E-07 9.89E-10 
Dibenzo(a,h)anthracene n.a. n.a. n.a. 8.86E-06 1.77E-05 1.58E-06 3.17E-06 9.16E-08 1.83E-07 5.29E-10 
Fluoranthene n.a. n.a. n.a. 9.50E-06 1.90E-05 1.69E-06 3.38E-06 4.79E-08 9.64E-08 2.66E-10 
Fluorene 44.5 28.5 17.9 4.25E-06 8.51E-06 7.64E-07 1.53E-06 2.18E-08 4.35E-08 1.20E-10 
Indeno(1,2,3-
c,d)pyrene 

117 75.4 47.4 2.32E-05 4.59E-05 4.14E-06 8.20E-06 2.44E-07 4.87E-07 1.39E-09 

Naphthalene n.a. n.a. n.a. 4.19E-06 8.38E-06 7.61E-07 1.52E-06 2.25E-08 4.50E-08 1.24E-10 
Phenanthrene 36.5 23.4 14.7 2.80E-05 5.59E-05 4.99E-06 9.98E-06 1.39E-07 2.78E-07 7.67E-10 
Pyrene 27.4 17.6 11.0 1.60E-05 3.20E-05 2.85E-06 5.69E-06 8.10E-08 1.62E-07 4.46E-10 
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Table 5-5 Derived Ecotoxicological Risk Limits (DRL) and modelled 95% UCL concentrations after 20 years for PAH in sediment. All 
values in mg/kg dwt. 

Compound DRL 
Port of 
Rotterdam 

DRL 
North 
Sea 

DRL 
Saba 
Bank 

Commercial harbour (Port of Rotterdam) Shipping lane 
(North Sea) 

Open sea 
(Saba Bank) 

inside harbour surrounding   

    Current High  Current High  Current High  High 
Acenaphthene 48.5 31.1 19.6 8.02E-07 1.60E-06 1.45E-07 2.89E-07 4.19E-09 8.38E-09 2.30E-11 
Acenaphthylene 8.2 5.3 3.3 5.10E-07 1.01E-06 9.11E-08 1.81E-07 2.54E-09 5.04E-09 1.38E-11 
Anthracene 2.3 1.5 0.9 2.47E-05 4.95E-05 4.40E-06 8.83E-06 1.23E-07 2.46E-07 6.78E-10 
Benzo(a)anthracene 19.4 12.4 7.8 3.75E-05 7.52E-05 6.68E-06 1.34E-05 2.11E-07 4.22E-07 1.17E-09 
Benzo(a)pyrene 237 152 95.8 1.20E-05 2.40E-05 2.14E-06 4.28E-06 8.66E-08 1.73E-07 4.97E-10 
Benzo(b)fluoranthene 383 246 154 1.38E-05 2.79E-05 2.46E-06 4.97E-06 1.03E-07 2.01E-07 5.72E-10 
Benzo(g,h,i)perylene 23.7 15.2 9.6 2.18E-05 4.41E-05 3.90E-06 7.88E-06 2.32E-07 4.64E-07 1.34E-09 
Benzo(k)fluoranthene 383 246 154 3.00E-06 5.73E-06 5.35E-07 1.02E-06 1.92E-08 4.33E-08 1.08E-10 
Chrysene 77.5 49.8 31.3 3.18E-05 6.36E-05 5.66E-06 1.13E-05 1.78E-07 3.58E-07 9.89E-10 
Dibenzo(a,h)anthracene 8.7 5.6 3.5 8.86E-06 1.77E-05 1.58E-06 3.17E-06 9.16E-08 1.83E-07 5.29E-10 
Fluoranthene 1,991 1,279 804 9.50E-06 1.90E-05 1.69E-06 3.38E-06 4.79E-08 9.64E-08 2.66E-10 
Fluorene 378 243 152 4.25E-06 8.51E-06 7.64E-07 1.53E-06 2.18E-08 4.35E-08 1.20E-10 
Indeno(1,2,3-
c,d)pyrene 

18.4 11.8 7.4 2.32E-05 4.59E-05 4.14E-06 8.20E-06 2.44E-07 4.87E-07 1.39E-09 

Naphthalene 77.5 49.8 31.3 4.19E-06 8.38E-06 7.61E-07 1.52E-06 2.25E-08 4.50E-08 1.24E-10 
Phenanthrene 378 243 152 2.80E-05 5.59E-05 4.99E-06 9.98E-06 1.39E-07 2.78E-07 7.67E-10 
Pyrene 407 261 164 1.60E-05 3.20E-05 2.85E-06 5.69E-06 8.10E-08 1.62E-07 4.46E-10 
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6 Discussion 

This report is an initial study into the risks of EGCS washwater dis-
charges on Dutch territorial seas and harbours. Due to the explorative 
nature of the study, various assumptions and estimations had to be 
made. Although not all can be discussed in detail, a few important 
aspects are pointed out below.  
 

6.1 Comparison of results with other studies 
There is increasing awareness of the potential effects of EGCS emissions 
on water bodies. During recent years a number of studies have been 
published dedicated to quantify these effects (Teuchies et al., 2020, 
Kjølholt et al., 2012, Hansen, 2012, CE Delft, 2019, Koski et al., 2017). 
In this study, limited effects of EGCS washwater discharges on 
concentration levels in water and sediment were found. These results 
are similar to the results of other studies. The study of CE Delft (2019), 
of which the data was used in this study, demonstrates marginal 
increases in concentrations of contaminants in water and sediment in 
four ports with MAMPEC. Teuchies et al. (2020) indicates that washwater 
from closed loop scrubbers is expected to be acutely toxic for most 
aquatic organisms due to the high concentrations of metals and PAH 
present. However, after dilution in surface water, no acute toxicity is 
expected and the concentration of none of the contaminants considered 
exceeds the EQS in estuaries and ports. Koski et al. (2017) reports toxic 
effects of undiluted washwater on zooplankton, while effects after 
dilution in surface water are minimal. The report of Kjølholt et al. (2012) 
notes that the discharge of scrubber-washwater is expected to be 
‘considerably below the levels of ecological concern’, although ambient 
concentration levels should be taken into for location-specific risk 
assessment. 
 

6.2 EGCS utilization  
In this study it was assumed that EGCS are equally distributed over all 
types of vessels, while the specific water consumption for each installed 
EGCS was considered equal. The known differentiation in installed 
engine power of world seagoing ships was used to calculate an average 
engine power. In addition, the fraction of fuel scrubbed by EGCS was 
equal for each study area, with a current and future fraction. 
Aforementioned calculations and assumptions led to differences between 
study areas, in volumes of discharged washwaters based on two para-
meters: 1) the amount of ships present in each area. and 2) their 
activity (sailing or at anchor). 
 
It should, however, be noted that as each study area constitutes 
different economic objectives, the type of ships may vary between the 
areas and subsequently the expected amount of washwater as their fuel 
consumption differs. In addition, EGCS are economically beneficial as 
low-cost high-sulphur fuels are still allowed to be consumed. A trade-off 
exists between fuel costs and the costs of implementing and operating 
an EGCS. Vessels with high fuel consumption, such as long-distance 
ships (e.g. cruise ships and container ships), are more likely to install 
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EGCS. As fuel costs are an important aspect of implementing scrubbers, 
the future number of EGCS may depend largely on the shift in fuel costs. 
Regulations can also affect the usage and type of scrubbers imple-
mented. If countries ban the discharge of EGCS washwater, as is 
already the case in some harbours, it is likely that hybrid or closed loop 
scrubbers will be implemented more often in the future or EGCS will be 
banned completely. It is also possible that the ships operating open loop 
scrubbers will primarily port harbours where the discharge is permitted, 
with higher volumes of discharged washwater as result. The latter could 
also occur if hybrid and closed loop scrubbers store washwater produced 
at harbours banning the discharge and subsequently discharge takes 
place at harbours without restrictions. Lastly, engines consuming ‘sus-
tainable’ fuel alternatives, such as biodiesel and hydrogen, are available 
and may become increasingly popular. This may lead to an overall 
reduction of contaminants released into the environment by EGCS. 
 

6.3 Washwater concentrations 
As mentioned in paragraph 6.1, various studies have been performed to 
quantify the effects of EGCS discharges. In many cases, concentrations 
of contaminants were measured in washwaters of EGCS. Although the 
contaminants examined in these studies largely resemble one another, 
the concentrations in discharged washwater vary between literature 
sources. In some cases this might be due to the experimental design, 
e.g. it is optional to normalize for inlet contaminant concentrations or to 
normalize for specific water consumption. However, the data reported 
by CE Delft, as utilized in this report, also demonstrate a high variability 
in concentrations. In total 38 out of 291 samples were discarded by CE 
Delft, partly as negative values were calculated for normalized 
concentrations (i.e. inlet concentrations of contaminants were higher 
than discharged concentrations). In addition, for several contaminants 
the maximum concentrations measured in discharged water were >30 
times higher than the means. Even though statistical outliers were 
discarded by CE Delft, aforementioned aspects raise questions on the 
compositions of washwaters. As samples were taken from 53 ships, it is 
not unlikely that concentrations vary based on the composition of the 
fuel and the efficiency of the EGCS. The latter could for example depend 
on the age and brand of the EGCS. The presence of treatment systems, 
optional for open loop scrubbers, was not reported and is unknown. The 
presence of these systems will likely reduce the concentrations of 
compounds to the water. Also, other aspects, such as sampling, 
preparation and analytical equipment, could have affected the 
measurement results. It is of importance to be aware of the variation in 
measured concentrations of contaminants in washwaters; utilizing a 
different dataset could have resulted in different concentration levels in 
water and sediment. 
 

6.4 Partition coefficients 
Partition coefficient are applied in the MAMPEC calculations to determine 
the fate of the contaminants in the aquatic environment. As mentioned 
in section 4.3.2., the partition coefficients vary in literature based on 
environmental conditions. In this study mean Kd values were used from 
Allison and Allison (2005) to determine the distribution of contaminants 
to water and sediment. A sensitivity analysis was performed to 
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determine the effects of selecting different Kd values as outcome. 
Minimum and maximum Kd values were retrieved from Allison and 
Allison (2005) as well. Arsenic was chosen as contaminant as the Kd 
values differed most compared to the mean. In addition, copper 
concentrations were calculated as concentrations in sediment were 
closest to the BAC. Below the concentrations in water and sediment can 
be found for arsenic and copper inside the harbour of the Port of 
Rotterdam. 
 
Table 6-1 95% UCL concentrations of dissolved arsenic in water (µg/l) and 
arsenic in sediment (mg/kg dw) as a result of EGCS discharges and different Kd 
values (m3/kg). Results are shown for the harbour area of commercial harbour 
with future use of EGCS (future use = 30% of fuel scrubbed). The EQS for water 
(AA-EQS in µg/L) and sediment (BAC and ERL in mg/kg dw) are shown as well.  
Kd  Water (AA-EQS = 0.6) Sediment (BAC/ERL = 25/8.2) 
0.1 5.45E-04 2.69E-05 
7.9 4.21E-04 2.43E-03 
1000 1.43E-05 1.03E-02 

 
Table 6-2 95% UCL concentrations of dissolved copper in water (µg/l) and 
copper in sediment (mg/kg dw) as a result of EGCS discharges and different Kd 
values (m3/kg). Results are shown for the harbour area of the commercial 
harbour with future use of EGCS (future use = 30% of fuel scrubbed). The EQS 
for water (AA-EQS in µg/L) and sediment (BAC and ERL in mg/kg dw) are shown 
as well. 
Kd  Water (AA-EQS = 3.5) Sediment (BAC/ERL = 27/34) 
1.3 2.04E-02 1.91E-02 
50 7.45E-03 2.69E-01 
1259 4.45E-04 4.04E-01 

  
As can be seen from the sensitivity analysis, concentrations of arsenic 
vary to a large extent in sediment while for water variations are limited. 
The maximum concentration in water is 38 times higher compared to 
the minimum concentration calculated while the maximum concentration 
in sediment is 383 times higher than minimum concentration calculated. 
For copper it is the other way around; maximum concentrations are 46 
and 21 times higher compared to minimum concentrations calculated for 
water and sediment, respectively. The calculations show that 
concentrations in water and sediment will not exceed the EQS for 
arsenic as well as copper. It is very likely that other metals do not 
exceed the EQS as well.  
 
For benzo(a)anthracene a sensitivity analysis was performed as relative 
high concentrations (10% of the AA-EQS for water) were calculated 
when modelling the future use scenario of EGCS in the Port of 
Rotterdam. Values for Kow and Koc from Verbruggen (2012) were used 
to calculate the emissions of benzo(a)anthracene to water. These results 
and the results of this study are shown in the table below. 
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Table 6-3 95% UCL concentrations of total benzo(a)anthracene (ng/l) in water 
as a result of EGCS discharges. Concentrations were calculated by using Kow 
and Koc values from CE Delft (2019) and Verbruggen (2012). Results are shown 
for the harbour area of the Port of Rotterdam with future use of EGCS (future 
use = 30% of fuel scrubbed). 
Data source Log Kow Log Koc Water (AA-EQS = 0.27) 
CE Delft (2019)  5.76 5.25 0.0254 
Verbruggen (2012)  5.91 5.70 0.0139 

 
As both Kow and Koc are higher in the study of Verbruggen (2012), 
relatively more benzo(a)anthracene ends up in the sediment and 
subsequently less in the water. It is not expected that concentrations of 
benzo(a)anthracene will exceed the AA-EQS. It is very likely that other 
PAH do not exceed the EQS as well due to the relative low 
concentrations compared to the AA-EQS. 
 

6.5 Environmental quality standards  
The concentrations of metals and PAH in water and sediment due to 
EGCS emissions were compared to EQS. This was done to determine the 
potential risks of washwater discharges on marine water and sediment 
ecosystems. It should, however, be noted that the EQS used in this 
report are not necessarily applicable to all situations. For example, the 
WFD standards do not formally apply to the marine waters in the Dutch 
Caribbean. For this area, however, no alternative marine water quality 
standards were available and from a scientific point of view it was 
considered most appropriate to use the WFD-EQS for the environmental 
risk assessment. In principle, the higher susceptibility of marine 
environments is included in the derivation of the marine EQS. For the 
Saba Bank, appointed as Particularly Sensitive Sea Area, site specific 
conditions may still require additional considerations. This area may be 
less adapted and therefore more vulnerable to contaminants.  
 
There are no officially set quality standards for marine sediments. 
Although OSPAR developed the BAC and the US EPA uses an ERL, no 
European quality standards have been set until date. The absence of 
harmonised criteria for sediment quality assessment is an important 
drawback when assessing the impact of scrubber contaminants on 
sediment quality.  
 
Although the effect of EGCS discharges on contaminant concentrations 
in water and sediment may be limited, scrubber emissions still lead to 
higher concentrations in the environment. In this way, they add to the 
presence of persistent contaminants, and contribute to further 
exceedance of the EQS for mercury. Different regulatory frameworks 
aim to achieve a decrease in contaminants in the environment. The 
objective of WFD is to lower the emissions of the priority substances and 
to phase out emissions of the priority hazardous substances to water. In 
addition, OSPAR has set concentration limits for a number of 
contaminants as an ultimate aim to reach background concentrations for 
sediment. For some contaminants, ambient concentrations in the Port of 
Rotterdam already contribute to a substantial part of the EQS or even 
exceed the EQS. Taking this into account, it is hard to judge the 
environmental risks of EGCS washwater discharges in isolation. For a 
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complete picture, other compounds and pollution sources should be 
taken into account as well. As each water body constitutes different 
economic, social and ecological values, a more in-depth study is 
necessary to determine the actual impact of EGCS emissions. 
 

6.6 Mixture effects 
The key aim of this study was to compare environmental concentrations 
of contaminants released by EGCS with EQS for marine water and 
sediment. This was done separately for all individual compounds 
released via the EGCS washwater. Jointly, these contaminants constitute 
a mixture of contaminants in which the concentrations of the individual 
toxicants may vary over time. At this moment, discussions towards a 
uniform procedure for inclusion of mixture toxicity in risk assessments 
are ongoing. These discussions include proposals for deriving a specific 
assessment factor for mixtures of chemicals when deriving quality 
criteria. As these discussions are still in their initial phase, it is not yet 
possible to include mixture toxicity in the risk assessment of EGCS 
washwater emissions. 
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7 Conclusions 

The results of this study show that a limited increase in concentrations 
of metals and PAH in water can be expected as a result of EGCS 
washwater discharges, when compared with environmental quality 
standards (EQS) set under the Water Framework Directive (WFD) for 
marine waters. The results of this study therefore indicate that the use 
of EGCS per se will not lead to an exceedance of these standards. It is 
expected that the emissions will not induce unacceptable effects on 
marine ecosystems or on human health, via fish consumption, as the 
WFD takes these into account.  
 
For sediments, the results show that the expected increase in concentra-
tions of metals and PAH is limited when compared with the Background 
Assessment Concentrations (BAC) as set by OSPAR. Similarly, the 
increase in metal concentrations in sediment constitutes only a small 
fraction of the Effect Range Low (ERL) values set by the US EPA. The 
same is demonstrated for PAH and the ecotoxicological risk limits 
derived by RIVM.  
 
Whether or not EGCS contribute to non-compliance in environments 
already impacted by existing emissions can only be judged by assessing 
the actual pollution levels in marine water and sediments. Chemical 
pressure exists from other sources as well, such as industrial point 
sources and diffuse emissions. It is however clear that EGCS discharges 
add to the presence of hazardous contaminants in the environment. In 
this respect, they do not contribute to improving water and sediment 
quality as required by different regulatory frameworks.  
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8 Recommendations 

The results and discussion from this exploratory study lead to the 
following recommendations: 

1. Improve risk assessment for marine sediment and water 
through:  
a. further harmonization of criteria to assess sediment 

ecotoxicity. 
b. supplementing missing environmental quality standards for 

metals and PAH in marine waters. 
2. Develop a harmonized test protocol for sampling, analyzing and 

reporting of EGCS washwater compositions. 
3. Investigate whether EGCS can be used to reduce emissions of 

persistent substances in general and not just to lower emissions 
to the air. 

 
The first recommendation is considered as a general problem and is not 
specific for this report. Together with the second recommendation, these 
are more technical and can be useful to discuss in an international 
context. The third has more implications and should be viewed in a 
broader context of existing national and international policy frameworks. 
 
The environmental risk assessment for marine sediment in this study 
was hampered by the absence of established ecotoxicological threshold 
values. Marine sediment standards are not set under the WFD and 
OSPAR’s background assessment criteria have been developed from a 
different conceptual point of view. In general, the risk assessment 
methodology for sediment is less well developed than for water, because 
of the complex interplay between the environmental behaviour of 
chemicals and the biology of sediment organisms. Furthermore, toxicity 
data needed to derive sediment standards are less frequently available. 
Harmonization of criteria to assess sediment ecotoxicity could advance 
risk assessment and improve our understanding of the potential effects 
on sediment quality.  
 
For some metals and PAH, environmental quality standards are also 
absent for marine surface water. Although the WFD specifically 
addresses marine waters, the derivation of saltwater EQS for metals is 
often hampered by a lack of adequate ecotoxicity data and limited 
understanding of the speciation and bioavailability of metals under 
saline conditions. More information and insights on this matter can 
improve risk assessment.  
 
While conducting the research it became clear that there were 
limitations to the type and amount of data available concerning the 
contaminants and their concentrations in EGCS washwater. First of all, 
the test protocols used for sampling and analyzing EGCS washwaters 
varied, resulting in different types of information. This makes it difficult 
to compare and combine different data sources. As example, some 
studies reported the measured concentrations in washwater while some 
studies first subtracted concentrations in inlet water and then reported 
concentrations in the washwater to determine the contribution of 
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contaminants by EGCS. For future research and impact assessments it 
would be helpful to develop a harmonized test protocol for sampling, 
analyzing and reporting of EGCS washwater compositions. Second, the 
specific water consumption of EGCS, while sampling, was not always 
clear while this is an important parameter to calculate the loads of 
contaminants discharged to the marine environment. Missing 
information can lead to misinterpretation of results. 
 
Although the discharge of EGCS washwater does not exceed the 
environmental quality standards considered in this report, it does lead to 
a built-up of persistent pollutants in the marine environment. One might 
argue that the emissions are now displaced from air to water. However, 
this situation could also be used as an opportunity to reduce emissions 
of persistent chemicals like metals and PAHs by sea vessels. Instead of 
emitting pollutants to air, the pollutants are now collected in the EGCS 
washwater. By using closed loop scrubbers, all pollutants in the 
washwater can be safely collected and be dealt with adequately at port 
reception facilities without harming the environment. If this is 
considered to be a preferable route, then it should be realized that it will 
have big implications for the type of scrubbers installed because most 
scrubbers installed at the moment are open-loop (80%) or hybrid 
scrubbers (17%). Note that as the latter can operate as open-loop and 
closed-loop scrubber, it still offers the option to continuously discharge 
washwater. Furthermore, this also implies that ports should have 
facilities available that can handle both scrubber washwater (bleed-off) 
and sludge. 
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Annex 1. Estimated ambient concentrations in water for 
three different study areas 

Table A1-1 Estimated ambient concentrations of metals (µg/L) in water. 
Metals Port of Rotterdama North Seab Saba Bankc 

Arsenic 0.96 n.a. 1.70 
Cadmium 0.03 0.05 0.06 
Chromium 0.20 0.46 0.20 
Copper 1.91 0.83 0.30 
Lead 0.04 0.13 0.02 
Mercury 0.001 n.a. 0.0004 
Nickel 1.44 0.32 0.50 
Selenium 0.21 0.02 0.10 
Thallium 0.02 0.20 n.a. 
Vanadium 1.26 1.55 1.50 
Zinc 4.40 3.91 0.30 

a: Dissolved concentrations, based on (RWS, 2020a). 
b: Dissolved concentrations, based on (RWS, 2020b). 
c: Total concentrations, estimated based on average ocean concentrations (IMO, 2019). 
 
Table A1-2 Estimated ambient concentrations of PAH (ng/L) in water. 
PAH Port of 

Rotterdama  
North 
Seab  

Saba 
Bankc  

Acenaphthene n.a. n.a. 0.135 
Acenaphthylene n.a. n.a. 0.03 
Anthracene 2.76 2 0.045 
Benzo(a)anthracene 3.15 0.5 0.026 
Benzo(a)pyrene 3.19 1 0.002 
Benzo(b)fluoranthene 47.3 0.23 0.0015 

Benzo(g,h,i)perylene 3.51 0.23 0.017 
Benzo(k)fluoranthene 2.2 0.12 0.0015 

Chrysene 3.26 2 0.016 
Dibenzo(a,h)anthracene 2.387 1.5 0.064 
Fluoranthene 11.5 1.34 0.349 
Fluorene n.a. n.a. 0.195 
Indeno(1,2,3-
c,d)pyrene 

3.47 0.23 0.005 

Naphthalene 15 15 0.029 
Phenanthrene 8.38 1.51 0.458 
Pyrene 9.06 1.72 0.401 

a: Total concentrations, based on (RWS, 2020a). 
b: Total concentrations, based on (RWS, 2020b). 
c: Dissolved concentrations for the North-Atlantic, based on (González-Gaya et al., 

2016). 
d: Based on a concentration of 0.003 ng/l Benzo[b+k]fluoranthenes. 
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Annex 2. Estimated ambient concentrations in sediment for 
three different study areas 

Table A2-1 Estimated ambient concentrations of metals (mg/kg dw) in sediment.  
Metals Port of Rotterdama North Seab Saba Bank 
Arsenic 16.9 15 n.a. 
Cadmium 1.50 0.2 n.a. 
Chromium 77.1 60 n.a. 
Copper 215.1 20 n.a. 
Lead 81 25 n.a. 
Mercury 0.57 0.05 n.a. 
Nickel 41.1 45 n.a. 
Selenium n.a. n.a. n.a. 
Thallium 0.46 n.a. n.a. 
Vanadium 66.9 n.a. n.a. 
Zinc 423.1 90 n.a. 

a: Total concentrations based on (RWS, 2020a). 
b: Total concentrations based on (OSPAR Commission, 2005). 
 
Table A2-2 Estimated ambient concentrations of PAH (mg/kg dw) in sediment. 
PAH Port of 

Rotterdama 
North 
Seab 

Saba 
Bank  

Acenaphthene 0.050 <0.0005 n.a. 
Acenaphthylene 0.031 <0.0005 n.a. 
Anthracene 0.133 0.0005 n.a. 
Benzo(a)anthracene 0.314 0.0015 n.a. 
Benzo(a)pyrene 0.275 0.00092 n.a. 
Benzo(b)fluoranthene 0.404 0.0046 n.a. 
Benzo(g,h,i)perylene 0.296 0.0025 n.a. 
Benzo(k)fluoranthene 0.173 n.a. n.a. 
Chrysene 0.277 0.0015 n.a. 
Dibenzo(a,h)anthracene 0.036 0.00058 n.a. 
Fluoranthene 0.560 0.0018 n.a. 
Fluorene 0.105 0.0015 n.a. 
Indeno(1,2,3-
c,d)pyrene 

0.263 0.0026 n.a. 

Naphthalene 0.248 0.0032 n.a. 
Phenanthrene 0.440 0.0054 n.a. 
Pyrene 0.512 0.002 n.a. 

a: Total concentrations based on data from the immisietoets (RWS, 2020a, RWS, 
2020b). 

b: Total concentrations, based on Norwegian sediments (Boitsov et al., 2020). 
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Annex 3. Calculation generated power by vessels (P) 

To calculate generated power by vessels for an area, the following 
formula was used: 
 
𝑃𝑃 = �(𝑛𝑛 ∗ 𝑓𝑓𝑓𝑓 ∗ 𝐸𝐸𝐸𝐸) + (𝑛𝑛 ∗ 𝑓𝑓𝐴𝐴 ∗ 𝐸𝐸𝑚𝑚)� ∗ 24  (A3.1)    
  
P = generated power by all vessels present (MWh/d) 
n = number of ships per day continuously present (-) 
fb = fraction of vessels at berth (-) 
Ea= average auxiliary engine power (MW) 
fs = fraction of vessels sailing (-) 
Em= average main engine power (MW) 
 
The current world seagoing fleet consists of ships with one to eight 
engines according to MARIN (MARIN, 2020). An overview of the fleet is 
given table A3-1. Most of the ships have one or two main engines 
installed, comprising >96% of total engine power. Ships with three or 
four engines comprise >3% of the total engine power. Ships with more 
than four engines comprise <1% of the total engine power. On average 
a ship has 5.0 MW main engine power installed. 
 
Table A3-1 Number of ships with engine count and engine power (MARIN, 2020)  
Number of 
main engines 

Number of 
ships  

Total 
power 
installed 
(MW) 

Average 
power 
installed per 
ship (MW) 

% of total 
power 
installed 

1 76,135 445,834 5.9 73.5 
2 40,709 139,118 3.4 22.9 
3 1,866 10,1 5.4 1.7 
4 1,256 8,211 6.5 1.4 
5 56 265 4.7 0.04 
6 84 3,099 36.9 0.5 
8 3 149 49.8 0.02 
Total 120,109 606,777 5.1 100 
Arithmetic meana   5.0  

a: Recalculation of the average power installed, as arithmetic mean, resulted in a value 
of 5.0 MW instead of the average 5.1 MW reported. 

 
The average auxiliary engine power (Ea) was calculated based on the 
average power installed and the fraction of auxiliary engine power of 
total power installed. The latter was derived from the dataset in table 
A3-2. On average the auxiliary engine power is nearly 20% of the total 
engine power while the main engine power is 80%. Based on an average 
total engine power of 5.0 MW, Ea was estimated to be 1.0 MW while Em 
(average main engine power) was estimated to be 4.0 MW. 
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Table A3-2 Average engine power per type of vessel (kW) and percentage of 
auxiliary engine power as of the total engine power (STC, 2019). 
Vessel Type Average 

main engine 
power  

Average 
auxiliary engine 
power  

% auxiliary engine 
power of total engine 
power 

Auto carrier 13,261 3,125 19.1 
Bulk 7,613 2,035 21.1 
Bulk - heavy level 8,734 n.a. n.a. 
Container 2000 21,166 6,585 23.7 
Container 4000 45,011 7,234 13.8 
Container 5000 49,887 6,706 11.8 
Container 6000 57,194 10,878 16.0 
Container 7000 60,382 11,575 16.1 
Container 8000 64,318 13,312 17.1 
Container 9000 54,543 14,079 20.5 

Container 10000 57,600 12,916 18.3 
Container 11000 57,579 13,712 19.2 
Container 13000 66,157 14,711 18.2 
Container 14000 60,409 14,833 19.7 
Container 17000 71,466 18,470 20.5 
Cruise 41,558 9,051 17.9 
General Cargo 9,381 2,662 22.1 
Ocean tugboat 5,932 285 4.6 
Miscellaneous 1,285 600 31.8 
Reefer 11,441 4,683 29.0 
RoRo 19,040 n.a. n.a. 
Tanker-Chemical 8,159 2,810 25.6 
Tanker - Handysize 9,066 2,918 24.3 
Tanker - Panamax 11,435 2,728 19.3 
Tanker -Afamax 12,486 2,674 17.6 
Average     19.5 

 
To determine the generated power by each vessel, it is of importance to 
know which fraction of power of the engine(s) (load factor) is utilized 
during berth and sailing. These values are given in Table A3-3. 
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Table A3-3 Estimated load factors of ships sailing and at berth. 
Parameter Port of 

Rotterdam 
North 
Sea 

Saba 
Bank 

Load factor main engine during sailinga 0.8 0.80 0.80 
Load factor auxiliary engine during 
sailingb 

0.60d 0.80e 0.80e 

Load factor main engine at berthb 0.20 0.20 0.20 
Load factor auxiliary engine at berthc 0.60 0.60 0.60 

a: Estimated based on (MARIN, 2020). 
b: Estimated based on (ENTEC, 2020) and (Knežević et al., 2018). 
c:  Estimated based on (IMO, 2014). 
d:  Based on the load factor during manoeuvring. 
e:  Based on the load factor of cruise ships cruising. 
 
One remark is that the load factor for auxiliary engines during sailing 
was based on cruise ships for the Dutch EEZ and Saba bank. It is 
expected that the actual load factor of these engines is lower at around 
20 to 30%. By utilizing the higher value, the generated power of vessels 
is higher as well, leading to bigger amounts of substances discharged. It 
is therefore considered a worst-case value as load factor. 
 
For the number of ships per day continuously present in each area (n) 
different sources were utilized. The number of ships in each area are 
given in Table A3-4. For the Saba bank it is expected that number of 
ships passing the area annually is lower than 200 as it is designated as 
PSSA and ships should avoid the area (MEPC, 2012). Due to a lack of 
data, this number was still used in order to estimate the effects of EGCS 
on the Saba bank. As anchoring is forbidden in this PSSA, the number of 
ships at berth was set to zero. 
 
Table A3-4 Number of ships present in the three different study areas. 
Parameter Port of 

Rotterdama 
North 
Seaa 

Saba 
Bankb 

Annual number of ships 40,880 93,805 200 
Daily number of ships 112 257 0.55 
Daily number of ships 
sailing 

93 157 0.55 

Daily number of ships at 
berth 

19 100 0 

Fraction of ships sailing 0.83 0.60 1.00 
Fraction of ships at berth 0.17 0.40 0.00 

a: Data retrieved from (MARIN, 2020). 
b: Data based on (MEPC, 2012).  
 
To calculate the generated power by vessels per day (P) for all areas, 
abovementioned data was used. An overview of the data and the results 
for the generated power are given in Table A3-5. 
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Table A3-5 Overview of numbers used to calculate the total generated power per 
day and the calculated value. 
Parameter Unit Port of 

Rotterdam 
North 
Sea 

Saba 
bank 

Average total engine power 
installed per ship 

MW 5.0 5.0 5.0 

Average main engine power per 
ship (Em) 

MW 4.0 4.0 4.0 

Average auxiliary engine power per 
ship (Ea) 

MW 1.0 1.0 1.0 

Load factor main engine during 
sailing 

(-) 0.8 0.80 0.80 

Load factor auxiliary engine during 
sailing 

(-) 0.60 0.80 0.80 

Load factor main engine at berth (-) 0.20 0.20 0.20 
Load factor auxiliary engine at 
berth 

(-) 0.60 0.60 0.60 

Number of ships per day (-) 112 257 0.55 
Fraction of ships per day sailing 
(fs) 

(-) 0.83 0.60 1.00 

Fraction of ships per day at berth 
(fb) 

(-) 0.17 0.40 0.00 

Energy consumption sailing per day MWh/d 3,110 951 53.3 
Energy consumption at berth per 
day 

MWh/d 636 211 0 

Total generated power per day (P) MWh/d 3,746 18,465 53.3 
 
An additional calculation to check the abovementioned calculation 
showed a similar result for the Port of Rotterdam. The following 
alternative formula was used to calculate P: 
 
𝑃𝑃 = 𝐸𝐸𝐸𝐸

(𝐸𝐸𝐸𝐸∗𝑆𝑆∗1000∗365)
    (A3.2)    

  
P = Total generated power by vessels per day (MWh/d) 
Et = Total CO2-emission Port of Rotterdam (kg CO2/y) 
Er = CO2-emission rate (kg CO2/ kg fuel) 
S = Specific Fuel Oil Consumption (kg fuel/kWh) 
1000 (MWh/kWh) 
365 (d/y) 
 
The following numbers were derived from (MARIN, 2020): 
 
Table A3-6 Data to calculate P with an alternative formula. 
Parameter Unit Value 
Total CO2-emission Port of Rotterdam kg CO2/y 810,484,000 
CO2-emission rate kg CO2/kg fuel 3.2 
Specific Fuel Oil Consumption kg fuel/kWh 0.2 
Total generated power by vessels per 
day 

MWh/d 3,892 

 
The difference in P between the two methods was less than 150 MWh, 
<5% of the total amount of P. The initial method was therefore 
considered appropriate to use. 
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Annex 4. Calculation of emission rates (M) 

To run MAMPEC, the emission rates of the substances, for each of the 
selected MAMPEC scenarios, are required. As each scenario has its own 
characteristics, the substance specific emission rates per study area had 
to be adjusted to the selected MAMPEC scenarios. Of importance was 
the size of the environment in the MAMPEC scenarios. The used default 
Commercial harbour scenario has a size of 20 km2, the shipping lane 
and open sea scenario have a size of 200 km2. The emissions were 
therefore first calculated to g/km2 and depending on the scenario 
recalculated to g/d. 
 
Firstly, the total generated power per day was recalculated to total 
generated power per day per km2 (Table A4-1). The size of each study 
area was retrieved to calculate this parameter. By calculating the 
parameter, it was assumed that all ships were equally distributed over 
the complete area. For the North Sea, however, a shipping lane scenario 
was chosen in MAMPEC. As most ships are expected to sail these 
shipping lanes, it was expected that the density of ships is higher in 
these shipping lanes. A factor of 10 was used, this corresponds to a 
density of 44.3 ships per 1,000 km2 instead of 4.4 (based on daily 
number of ships and size of the area). This number is in the same range 
as another study performed with the shipping lane scenario for the 
Dutch coast, taking into account 41 ships per 1,000 km2 in MAMPEC 
(Van Hattum et al., 2002). 
 
Table A4-1 Data used to calculate the total generated power per day and km2. 
Parameter Unit Port of 

Rotterdam 
North 
Sea 

Saba 
bank 

Total generated 
power per day (P) 

MWh/d 3746 18465 53.3 

Size area km2 48.1 58,000 2680 
Initial total generated 
power per day per 
km2 

MWh/d*km2 77.9 0.32 0.02 

Factor to correct for 
density of ships 

(-) - 10 - 

Total generated 
power per day and 
km2 

MWh/d*km2 77.9 3.2 0.02 

 
Secondly, the total generated power per day and km2 was used to 
calculate the emission rates per km2 of surface water for each study 
area. Information from annex 3 was used to calculate these values. 
These values are given in Table A4-2. 
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Table A4-2 Substance specific emission rates for each study area (M) for current 
and high usage (g/d*km2). 
Compounds Port of 

Rotterdam  
North Sea Saba 

Bank  
 Current  High Current High High 
Metals       
Arsenic 3.36 6.73 0.14 0.28 0.0017 
Cadmium 1.00 2.00 0.04 0.08 0.0005 
Chromium 9.46 18.93 0.39 0.77 0.0048 
Copper 131.43 262.85 5.37 10.74 0.0671 
Lead 0.11 0.21 0.0042 0.0086 0.000054 
Mercury 0.05 0.11 0.0021 0.0043 0.000027 
Nickel 63.09 126.17 2.579 5.16 0.0322 
Selenium 7.89 15.77 0.32 0.64 0.0040 
Thallium 2.79 5.57 0.11 0.23 0.0014 
Vanadium 73.60 147.20 3.01 6.02 0.0376 
Zinc 168.23 336.45 6.88 13.75 0.0859 
      
PAH      
Acenaphthene 0.11 0.21 0.0043 0.0086 0.000054 
Acenaphthylene 0.06 0.13 0.0026 0.0052 0.000032 
Anthracene 0.95 1.89 0.0387 0.0774 0.000483 
Benzo(a)anthracene 0.16 0.32 0.0064 0.0129 0.000081 
Benzo(a)pyrene 0.02 0.04 0.0009 0.0018 0.000011 
Benzo(b)fluoranthene 0.03 0.05 0.0010 0.0021 0.000013 
Benzo(g,h,i)perylene 0.02 0.05 0.0010 0.0020 0.000013 
Benzo(k)fluoranthene 0.01 0.01 0.0002 0.0004 0.000003 
Chrysene 0.13 0.26 0.0054 0.0107 0.000067 
Dibenzo(a,h)anthracene 0.01 0.02 0.0004 0.0008 0.000005 
Fluoranthene 0.11 0.22 0.0045 0.0090 0.000056 
Fluorene 0.30 0.60 0.0122 0.0245 0.000153 
Indeno(1,2,3-
c,d)pyrene 

0.03 0.05 0.0011 0.0021 0.000013 

Naphthalene 1.84 3.68 0.0752 0.1504 0.000940 
Phenanthrene 1.05 2.10 0.0430 0.0860 0.000537 
Pyrene 0.19 0.38 0.0077 0.0155 0.000097 

 
Afterwards, the emission rates were recalculated to create the input for 
each model scenario. Values were corrected by multiplication with the 
size of the environment applied in MAMPEC. The sizes of the scenarios 
are given in Table A4-3.  
 
Table A4-3 Environments applied in MAMPEC with corresponding area (km2) of 
the surface water for each study area. 
Study Area Environment MAMPEC Area surface 

water MAMPEC 
Port of Rotterdam Default Commercial Harbour 20 
North Sea Default Shipping Lane  200 
Saba Bank Default Open Sea 200 
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Annex 5. Turbidity, pH, nitrates and sulphur oxides 

Turbidity/Suspended matter 
Water turbidity is included as one of the properties of scrubber 
washwater for which criteria have been set by IMO (MEPC, 2015). Water 
turbidity is defined as the cloudiness or haziness of a fluid caused by 
large numbers of non-dissolved chemicals or of individual particles that 
are generally invisible to the naked eye, similar to smoke in air. The 
measurement of turbidity is a key test of water quality. In the case of 
scrubber washwater, turbidity is made up to a large extend by the 
presence of oil constituents at concentrations exceeding their water 
solubility. In this study the issue of scrubber water turbidity was not 
considered for two reasons: 

1. The PAH that are considered in the study already cover a major 
part of the oil constituents that are the cause of turbidity of 
scrubber washwater. 

2. No tools (including MAMPEC) and no (scientific) insights are 
available that allow for assessing the impact of scrubber 
washwater on the turbidity of receiving waters. Differences in 
turbidity relate to the presence of the whole cocktail of 
particulate matter and non-dissolved organic compounds in 
water. The fate and the effects of each of these constituents on 
turbidity differ significantly and depend on the composition of the 
receiving water. As no data, let alone fate and effect models, are 
available for quantifying the turbidity of the receiving water, it is 
impossible to quantify the impact of EGCS on the turbidity of the 
receiving water. CE Delft did report the distribution of turbidity 
values in the washwaters. From the 256 samples, 7 samples had 
a turbidity higher than 25 FNU (Formazin Nephelometric Units), 
the maximum allowed value for discharged washwater (MEPC, 
2015). It is however unclear whether the samples fulfill the 
requirements of the guidelines as these indicate a specific 
monitoring protocol. CE Delft indicates that the values are based 
on spot values rather than a required 15-minute rolling average, 
therefore no conclusions can be made regarding the fulfilment of 
the requirements.  

 
pH 
A similar line of reasoning as for turbidity applies to pH. Except for the 
relatively simple approach of comparing the impact of acidifying 
chemicals present in scrubber washwater on the basis of water 
alkalinity, no simple model approaches were available in this study to 
assess the impact of scrubber washwater on the pH profile of the 
receiving water. CE Delft did report the distribution of pH of the 
washwaters. Out of 260 samples, more than 160 samples had a pH 
between 5 and 6. More than 80 samples had a pH between 6 and 7. As 
the guidelines require that the pH to be 6.5 at 4 meters from the 
overboard discharge point, is can be expected that most samples meet 
this criterion.  
  



RIVM letter report 2021-0048 

Page 80 of 81 

Nitrates 
Nitrates are another parameter for which IMO has set criteria for 
scrubber wastewater discharge. According to IMO, the system ‘should 
prevent the discharge of nitrates beyond that associated with a 12% 
removal of NOx from the exhaust, or beyond 60 mg/L normalized for 
washwater discharge rate of 45 tons/MWh whichever is greater’ (MEPC, 
2015). NOx emissions consist primarily of nitric oxide (NO) and 
approximately 5 – 10 % nitrogen dioxide (NO2). NO2 is soluble and 
therefore likely to be at least partly removed during the exhaust gas 
cleaning process, resulting in the presence of nitrate (NO3-) in the 
washwater. Nitrate might be an issue in water bodies as it leads to 
eutrophication of surface waters. However, because the amount of NO2 
is relatively small and constant, continuous monitoring is not required 
according to IMO scrubber guidelines.  
 
Nitrate is monitored in surface waters on a regular basis, since it is one 
of the parameters for assessing the ecological status in the context of 
the WFD. The reference values for ecological status assessment depend 
on the typology of the water, which makes a generic comparison 
difficult. The coastal zone of the North Sea is designated as poly- or 
euhaline open coastal water (water type K1 or K3). For these water-
types, a ‘very good status’ is associated with concentrations total-N 
during winter of ≤0.22 mg/L, and a ‘good status’ with ≤0.46 mg/L total-
N in winter. These values are applicable to water with a salinity of 30 
ppt, for other salinities a correction is needed (Altenburg et al., 2018).  
The IMO criterion of 60 mg/L nitrate equals 13.5 mg total-N/L. 
 
In the report of CE Delft, 108 washwater samples did not contain nitrate 
whereas 148 samples reported nitrate concentrations. Out of the 148 
nitrate concentrations reported, approximately 95% of the samples 
contained concentrations lower than 10 mg/L NO3- whereas a few 
samples reported concentrations above 60 mg/L. Because the MAMPEC 
model is only applicable to metals and organic compounds, a simplified 
calculation was performed to calculate the increase in nitrate 
concentrations for a shipping lane in the North Sea relative to existing 
concentrations. The calculation neglects many chemical and 
environmental processes, such as exchange of nitrate with the 
surrounding environment. The results of these calculations for the Dutch 
EEZ are given in Table A5-1.  
 
The results show that an average concentration of 5 and 10 mg/L NO3- 
in washwater leads to a limited increase in total-N concentrations in the 
water body compared to ambient concentrations. In case all EGCS would 
continuously emit 60 mg/L NO3-, the contribution could be more 
substantial, but is still limited when compared the lower concentration 
limits found in the North Sea as well as the water quality standards in 
winter (≤0.22 mg/L and ≤0.46 mg/L for total-N). It should be noted 
that hydrodynamic processes are not taken into account in the 
calculation, and the actual increase as a result of EGCS emissions will 
likely be lower due to the exchange of water with the surrounding 
environment. 
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Table A5-1 Increase in background concentrations of total-N (mg/L*y) at a 
shipping lane with current (15%) and future high (30%) volumes of fuels 
scrubbed, and different concentrations of NO3- (mg/L) in the washwater. For 
comparison the ambient background concentration of total-N (mg/L) in the 
North Sea are given. 
Average 
concentration 
of NO3- in 
washwater 

Annual 
increase in 
total-N 

concentration 
– current usea 

Annual 
increase in 
total-N 

concentration 
-high usea  

Ambient 
background 
concentration 
total-Nb 

5 0.00044 0.00088  
0.03-5.75 10 0.00088 0.0017 

60 0.005 0.01 
a: Note that the presented increase in background concentrations are estimations while 

neglecting many chemical and environmental processes. 
b: Based on monitoring data from January 2018, retrieved from the database 

Waterkwaliteitsportaal (IW, 2020). 
 
Sulphur oxides 
The discharge of sulphur oxides (SO2), and also NOx, can cause 
acidification of water bodies and thereby of marine ecosystems. Sulphur 
oxides are released with the washwater of EGCS and are ionized to 
sulfites (SO32-) and sulphates (SO42-). The increase in hydrogen ions 
results in a decrease in pH, which can affect the aquatic ecosystems 
negatively. The IMO calculated a concentration of 100 mg/L of sulphur 
in washwater, assuming 4% of sulphur in the fuel, a specific water 
consumption of 80 kg/kWh and 100% efficient absorption (MEPC, 2007). 
Assuming a density of 1 kg/L and a specific water consumption of 45 
m3/MWh for open-loop scrubbers, as is used throughout this report, this 
results in a concentration of 177 mg/L of sulphur in washwater. With 
15% of the fuels scrubbed, this results in the daily release of almost 
4,500 kg of sulphur to the surface water in a commercial harbour (based 
on the data of the Port of Rotterdam). Although the release of SO2 and 
subsequent effects were not examined in this study, discharge of 
sulphur oxides may need further attention. Teuchies et al. (2020) 
modelled a decrease in pH of 0.015 units in the surface water of the 
Antwerp harbour docks as an effect of washwater discharges. It should 
be noted that their emission scenarios are different than the emissions 
scenarios in this report. However, it implies that washwater discharge 
can have an effect on the water pH. 
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