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Executive summary

Shipping is a diverse industry that connects the world. The distribution and intensity of com-
mercial shipping is increasing and there is a growing need to assess and mitigate the impacts of
vessel activities on the marine environment.

New global standards on sulphur content in marine fuels have led to an increasing number of
ships installing exhaust gas cleaning systems (EGCS), also known as scrubbers, to reduce their
emissions of sulphur oxides to the atmosphere. Ships equipped with a scrubber can continue to
use heavy fuel oil, and the process results in discharges of large volumes of acidified water that
contain a mix of contaminants, such as heavy metals, polycyclic aromatic hydrocarbons (PAHs),
oil residues, and nitrates. For the most common type of scrubber, open loop, this polluted water
is directly discharged back to the sea, trading reductions in air pollution for increased water
pollution. The scrubber discharge mixture has demonstrated toxic effects in laboratory studies,
causing immediate mortality in plankton and exhibiting negative synergistic effects. The sub-
stances found in scrubber discharge water are likely to have further impacts in the marine envi-
ronment through bioaccumulation, acidification and eutrophication. The impacts of scrubber
discharge water can be completely avoided through the use of alternative fuels, such as distilled
low sulphur fuels. Distilled fuels have the added benefit that they remove the threat of heavy
fuel oil spills from shipping activities. If the use of alternative fuels is not adopted, and scrubbers
continue to be considered an equivalent method to meet the sulphur emissions limits, then there
is urgent need for:

1) significant investment in technological advances and port reception facilities to allow
zero discharge closed loop scrubber systems;

2) improved protocols and standards for measuring, monitoring and reporting on scrub-
ber discharge water acidity and pollutants;

3) evidence-based regulations on scrubber water discharge limits that consider the full
suite of contaminants.
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Global use of scrubbers on ships and contaminants
within scrubber discharge water

Global regulatory limits on maximum allowable sulphur content in marine fuels were reduced
from 3.5% m/m (mass by mass) to 0.5%! as of 1 January 2020 by the International Maritime Or-
ganization (IMO 2008). To comply with these limits, ships must switch to a fuel with lower sul-
phur content or install an exhaust gas cleaning system (EGCS), also known as a scrubber. Instal-
lation of a scrubber allows for continued use of lower cost residual fuels (heavy fuel oil) that
have higher sulphur content. Within the scrubber, the exhaust gas passes through a fine spray of
alkaline water which readily dissolves sulphur oxides (5Ox), nitrogen oxides (NOx) and numer-
ous other contaminants so that levels are sufficiently reduced in air emissions. The resulting
scrubber discharge water is a chemical cocktail of acidifying, eutrophying and contaminating
substances and elements (Figure 1).

CO;

PM

Metals Acid rain & deposition

PAH
Scrubber

technology pmétal =,
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Figure 1. Redistribution of pollutants in air emissions to the sea and the potential impacts in the marine environment by
use of scrubber technology: ecotoxicity, bioaccumulation, acidification and eutrophication.

An increasing number of ships have opted to install scrubbers due to the price difference be-
tween heavy fuel oil and low sulphur fuels (Abadie et al. 2017); (Figure 2). There is also an incen-
tive for the oil industry to continue to use the shipping industry as market for the heavy fuel oil
and there are concerns regarding potential disposal of chemical waste into fuel blends (Human
Environment and Transport Inspectorate 2018). Broad use of scrubbers is of concern because of
the potential effects of scrubber discharge water on marine life and oceanic biogeochemical pro-
cesses. Early discussions within the IMO regarding the use of scrubbers (MEPC 1998,
United States 2003) stressed the importance of ensuring that air pollution is not just transferred
to the marine environment. Yet, scrubber discharge water is poorly regulated, and the IMO Ma-
rine Environment Protection Committee (MEPC) Guidelines for Exhaust Gas Cleaning Systems
(hereafter ‘EGCS Guidelines’) adopted in 2008 and revised in 2009 and 2015, do not adequately
address the potential impacts of scrubber discharge water on the marine environment (Bosch et
al. 2009, US EPA 2011, Linders et al. 2019).

! Edited following comments from RGSCRUB
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Figure 2. The number of ships with scrubbers (in operation and on order) worldwide increased following reduced IMO
limits on sulphur emissions (1 January 2020; red line). Source: DNV- GL Alternative Fuels Insight. 6 July 2020.
https://afi.dnvgl.com/

In coastal areas with heavy traffic, especially estuaries and semi-enclosed basins, broad use of
scrubbers implies an additional pressure to the aquatic environment. Additional pressures ham-
per efforts to achieve good environmental status in accordance with marine environmental man-
agement, such as the concept of "no deterioration" of the EU Water Framework Directive (EU
WED); (EC 2000) and the Environmental Quality Standards (EQS) and environmental targets of
the EU Marine Strategy Framework Directive (EU MSFD); (EC 2008, Borja et al. 2017, EC 2017).
Belgium is the only EC member state that has enforced a nationwide ban of scrubber water dis-
charge. In 2016, the EC acknowledged the “increasing evidence from recent studies and analyses of
wash-water samples of existing scrubbers that the wash-water contains poly-aromatic hydrocarbons
(PAH) and heavy metals (e.g. vanadium, zinc, cadmium, lead and nickel) in potentially larger quantities
than initially thought”, yet concluded that more time is needed to gather enough data for consen-
sus.

Other targets set in international agreements are also challenged; e.g. regulation 4 of the Interna-
tional Convention for the Prevention of Pollution from Ships (MARPOL) Annex VI (IMO 2008)
and the Agenda 2030 and its Sustainable Development Goals (SDGs), particularly SDG 14 - Life
below water (UN General Assembly 2015). To address the alarming state of the ocean and to
encourage organizational, scientific and technical actions to enable better chances of achieving
the SDGs, the United Nations has proclaimed the Decade of Ocean Science for Sustainable De-
velopment (2021-2030). One key societal outcome of the UN Ocean Decade is “a clean ocean,
where sources of pollution are identified and removed” (IOC 2019). Pollution risk from ships
using scrubbers is also high for marine protected areas, a primary management tool for conserv-
ing marine biodiversity, as vessels traveled through all but 5 of over 10 000 marine protected
areas in 2019 (Figure 3).

Broad use of scrubbers will cause regular and repeated discharge of highly polluted water into
the marine environment. Concern around the potential impacts of this added pollution have al-
ready become evident, even though the introduction of scrubbers on ships is relatively recent.
An increasing number of ports, regions and states have restricted the use of scrubbers in their
territorial waters. Here we present a scientific review of the state of knowledge on the potential
impacts of scrubbers on the marine environment, including both biogeochemical processes and
contaminants such as polycyclic aromatic hydrocarbons (PAHs), metals, and their mixtures.

ICES
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Figure 3. Map showing the overlap of vessel traffic and marine protected areas in 2019. Vessel counts are unique vessels
within a 1° grid tracked using Automatic Identification Systems (AIS). Data sources: Canadian Space Agency and World
Database on Protected Areas (https://www.protectedplanet.net/).

1.1 Scrubber operation and production rates of discharge
water volumes

Scrubbers are classified as open loop (OL), closed loop (CL) or hybrid systems (can use OL and
CL modes); (Figure 4). OL scrubbers dominate the current global market (81%), whereas hybrid
systems are present in 17% of ships equipped with scrubbers, and CL systems are relatively rare
(2%). The type of system or the mode of operation affect the discharge volumes and pollutant
concentrations in scrubber discharge water because of the different water processing approaches
and methods (as explained below).


https://www.protectedplanet.net/

ICES SCIENTIFIC REPORTS 2:86

Scrubbed exhaust ﬁ

Exhaust in » r
Washwater
Chemical Clean water treatment
addition make-up
Washwater Holding
treatment tank
2 Cooler Process tank
Water
Seawater,
inlet ’ outlet

Figure 4. Simplified diagram of a hybrid scrubber system. Light and dark blue lines represent the open loop mode, and
the yellow lines show the closed loop mode. Modified from EGCSA (2012), https://www.egcsa.com/
resources/technical_gallery/.

Open loop systems, also called seawater systems, require large volumes of seawater (on the order
of 10s of m? water/MWh of engine power output) and rely on its natural alkalinity for removal
of sulphur oxides in the scrubbing process. The used water is directly discharged back to the sea,
rarely with treatment for removal of solids or dilution with seawater to reduce acidity (see Figure
4, light and dark blue lines). The average water flow rate in OL systems is 45 m®*MWh (US EPA
2011, EGCSA 2012, Lloyd’s Register 2012) and was considered by the EGCS Guidelines as the
basis to develop the discharge criteria (Annex 16 of MEPC 2008a). This implies that a medium
size vessel (with 12 MW engine power) with a scrubber installed would have a discharge volume
of 540 m*h (~143 000 gallons*h). This is notably higher than typical bilge water discharges,
which range from 0.01-13 m?/d (CE Delft and CHEW 2017). The required flow rate, however,
varies greatly as a function of the physical-chemical properties of the water (temperature, alka-
linity and salinity), the desired SOx removal efficiency (Karle and Turner 2007), and the effec-
tiveness of the water-gas contact, depending on the system design (EGCSA 2012). For instance,
Teuchies et al. (2020) reported an average flowrate of 87 + 50 m®*MWh, Buhaug et al. (2006)
indicated flow rates in the range of 40-100 m*MWh-' while Schmolke et al. (2020) recorded flow
rates of 75-140 m¥*MWHh for effective reduction of SOx under stable conditions.

Closed loop systems, also called freshwater systems, employ freshwater treated with an alkaline
substance to adjust the pH level to enable effective SOx removal. After the washing process in
the scrubbing tower, the water is processed, recirculated and a small portion (bleed-off) is re-
moved from the system and released to the sea (see Figure 4, yellow lines). Bleed-off discharge
takes place after solids removal and ranges from 0.1-0.3 m®*MWh' (MEPC 2008a). Teuchies et al.
(2020) reported an average flowrate of 0.47 + 0.25 m*MWHh. The removal of solids implies par-
tial reduction of contaminants. Alternatively, bleed-off water is stored in a holding tank for later
discharge into the sea (where allowed) or disposal ashore in port reception facilities. Residuals
removed during water treatment (also known as sludgefoof?) must be properly disposed of
ashore according to the EGCS Guidelines, local regulations, and the recent EU Directive
(2019/883) on port reception facilities for the delivery of waste from ships (EC 2019).

In both OL and CL systems, other substances in addition to SOx are transferred from the exhaust
gas to the wash water and are entrained in the scrubber discharge water (Figure 1). This includes

2 Edited following comments from RGSCRUB
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contaminants, such as heavy metals, oil residues, polycyclic aromatic hydrocarbons (PAHs), and
nitrogen oxides (Endres et al. 2018).

1.2 Chemical composition of scrubber discharge water

Several studies have characterized the chemical composition and concentrations of contaminants
in scrubber discharge water from OL (Table 1) and CL systems (Table 2). The chemical composi-
tion depends on several factors, including scrubber design and contaminant removal efficiency,
fuel and lube oil composition, and ship operation conditions (such as engine load, ship age and
quality of combustion, water treatment installed, etc.). For example, corrosion of the scrubber
system may contribute to the presence of metals in the discharge water (Den Boer and Hoen
2015). In CL systems, the water residence time strongly affects the resulting water quality
(Kjelholt et al. 2012). Although CL discharge volumes are smaller compared to typical OL dis-
charge volumes, the concentrations of contaminants are typically higher. For instance, Teuchies
et al. (2020) reported concentrations of metals (40 times on average) and PAHs (1.3 times on av-
erage) higher in CL than in OL discharges, and concluded that due to the bleed-off treatment in
CL systems, the amount of contaminants discharged to the marine environment are less than
from OL systems (6 times for metals and 183 times for PAHs).

1.2.1 Metals

Eleven metals have been recorded in scrubber discharge water; the highest reported concentra-
tions are of vanadium, nickel, copper and zinc (Tables 1 and 2). Heavy metals are mainly found
in their dissolved state in scrubber discharge water (Carnival Corporation & PLC and DNV-GL
2019, Schmolke et al. 2020). Vanadium and nickel originate from, and strongly correlate to the
sulphur content of, the fuel (Teuchies et al. 2020), but the high concentrations of copper and zinc
do not correspond to the fuel composition (Turner et al. 2017, Ushakov ef al. 2020). These instead
may be related to materials used within the vessel equipment, such as the sampling tube, anti-
fouling system and corrosion protection anodes. Elevated levels of copper and zinc have also
been found in OL inlet water samples (Schmolke et al. 2020).

1.2.2 Organic substances

Organic substances contained in scrubber discharge water are hydrocarbon oil residues (OL: 0.1-
0.4 mg*L; CL: 2-21 mg*L1) (Kjelholt et al. 2012, Magnusson et al. 2018, Schmolke et al. 2020,
Ushakov et al. 2020) and PAHs (Tables 1 and 2). Oil residues are partially combusted components
from fuel and lubricating oil. PAHs may originate from the fuel (petrogenic) and from the fuel
combustion process (pyrogenic).
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Table 1. Concentration of contaminants in scrubber discharge water from open loop (OL) systems as reported by several

studies (adapted from Linders et al. (2019)).

Studies [number of sampled ships]

A [20] B [5] C D [1] E[1] F[1] G1]
[Lab]

Metals Mean value (ug*L?) (minimum-maximum)
Arsenic 0.0 (0-0) 3.3 (1-6.9) 1.0 14 0.2 <0.1 1.7
Cadmium 0.0 (0-0) 0.03 (0.01-0.07) 0.035 BD <0.2 0.05 | <0.01
Chromium 27.3 (2-60) - 22.8 1.9 48 <1.0 1.9
Copper 45.9 (6-140) 6.4 (1.6-15.7) 8.12 21.0 188 41.6 2.3
Iron - - 997 - - - -
Lead 72.3 (20-120) 0.08 (0.04-2.1) 1.7 0.61 17.0 5.0 0.64
Mercury 8.0 (8-8) - - - 0.086 <0.1 -
Molybdenum - - - - - - 11.1
Nickel 63.0 (20-240) 15.7 (4-67) 179 41.0 42.0 32.8 29.7
Vanadium 213.3 (20-860) 78.4 (11-290) 58.0 162.0 164.3 35.0 | 111.1
Zinc 236.4 (20-2,000) 4.7 (2-133) 48.3 6.7 325.0 6.0 10.9
PAHs Mean value (ug*L") (minimum-maximum)
Acenaphthene 0.34 (0.01-1.6) - - - - - 1.92
Acenaphthylene 0.16 (0.02-0.58) - - - - - | 0.027
Anthracene 0.12 (0.02-1.2) - - - - - 0.12
Benzo(a)anthracene 0.23 (0.02-1.2) | 0.02 (<0.006-0.04) 0.006 - - - 0.34
Benzo(a)pyrene 0.11 (0.01-0.55) | 0.04 (<0.012-0.1) 0.014 - - - 1.09
Benzo(b)fluoranthene 0.10 (0.01-0.37) - 0.012 - - - | <0.01
Benzo(g,h,i)perylene 0.08 (0.01-0.36) - 0.014 - - -| 0.095
Benzo(k)fluoranthene 0.04 (0.01-0.09) - - - - - | 0.074
Chrysene 0.26 (0.02-1.6) - - - - -| 0.016
Dibenzo(a,h)anthracene 0.03 (0.01-0.08) - 0.006 - - - | 0.012
Fluoranthene 0.17 (0.01-0.76) - - - - - | 0.021
Fluorene 0.63 (0.04-1.8) - - - - - | <0.01
Indeno(1,2,3-c,d)pyrene 0.04 (0.01-0.14) - - - - - | <0.01
Naphthalene 3.65 (0.02-14) 3.02 (0.57-9.47) 0.006 - 0.48 - | <0.01
Phenanthrene 1.88 (0.08-6.1) 1.61 (0.67-2.89) 0.006 - - -| 0.012
Pyrene 0.42 (0.01-2.6) - 0.007 - - - | <0.01
PAHera1s 8.25 (0.31-33.0) 4.69 (1.24-12.5) 0.071 - 0.48 - 3.70

A, EGCSA and Euroshore (2018); B, Germany (2018); C, Japan (2019); D, Koski et al. (2017); E, Kjolholt et al. (2012);

F, Buhaug et al. (2006); G, Ushakov et al. (2020); BD, below detection limit.

ICES
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Table 2. Concentration range? of contaminants in scrubber discharge water from closed loop (CL) systems as reported by
several studies (as prepared within the ongoing project ImpEx, funded by the German Environment Agency (UBA), Marin-
Enriquez et al. (2020)).

Studies [number of sampled ships]
A 3] B [4] Cl1] D [2]

Metals Value (ug*L?) minimum-maximum
Arsenic 9-25 <10-30 8.8-9-8 10-20
Cadmium 0.05-0.4 0.96-<20 <0.05-0.09 >0.2-<0.5
Chromium - <10-14,000 - 9-22
Copper 10-58 <10-200 390-860 32-150
Iron 304-709 - - -
Lead 1-3 <5<10 1.6-3.8 0.16-<6
Mercury - <0.200 <0.050 0.001-0.005
Molybdenum - - 5 -
Nickel 478-6,289 220-6,600 1,300-3,100 830-4,400
Vanadium 3,542-10,637 2,800-25,000 6,100-14,000 9,800-13,000
Zinc 76-240 40-2,400 160-420 <70
PAHs Value (ug*L?) minimum-maximum
Acenaphthene <0.005-1.035 0.03-0.49 - 2.10
Acenaphthylene <0.002-0.20 0.01-0.07 - 0.36
Anthracene 2.16-15.0 <0.01-0.11 - <0.13-0.40
Benzo(a)anthracene 0.51-1.96 <0.01-0.09 - 0.21
Benzo(a)pyrene 0.06-0.37 <0.01 <0.01 0.014-<0.10
Benzo(b)fluoranthene 0.19-1.119 <0.01-0.06 0.109 0.10-0.11
Benzo(g,h,i)perylene 0.07-0.65 <0.01-0.011 <0.02 0.03-<0.10
Benzo(k)fluoranthene 0.19-1.119 <0.01 0.109 0.02-0.07
Chrysene 0.55-3.41 <0.01-0.16 - 0.33
Dibenzo(a,h)anthra- 0.04-0.14 <0.01 - <0.10
cene
Fluoranthene 0.66-3.88 0.04-0.44 - 0.22-1.49
Fluorene 0.33-2.89 0.09-1.9 - 3.2
Indeno(1,2,3-c,d)py- 0.03-0.31 <0.01 <0.021) <0.10
rene
Naphthalene 0.12-3.85 0.06-5.7 0.32-0.49 4.4-4.8
Phenanthrene 2.35-20.1 0.49-4.5 - 10.0
Pyrene 0.94-5.90 0.04-0.5 - 0.54
PAHerate 11.8-54.4 0.8-12.6 3.8-24 16.0-21.9

A, Schmolke et al. (2020); B, EGCSA and Euroshore (2018); C, Kjelholt et al. (2012); D, Magnusson et al. (2018).

3 Added following comments from RGSCRUB



ICES SCIENTIFIC REPORTS 2:86 | ICES

i) Sum of benzo(b)fluoranthene and benzo(k)fluoranthene; ii) Sum of benzo(g,h,i)perylene and indeno(1,2,3-c,d)pyrene

1.23 pH and alkalinity

A pH decrease in the water used for SOx-scrubbing is a result of the absorption of SOz and its
transformation to sulphate species, which produces hydrogen ions that increase acidity. Studies
have reported an acidic pH in OL discharge water samples (2.8-5.8), whereas the pH in CL dis-
charge tends to be higher (4.9-7.6) (Table 3); (Kjolholt et al. 2012, Koski et al. 2017, Magnusson et
al. 2018, Schmolke et al. 2020, Ushakov et al. 2020). However, the pH range for OL systems in-
cludes some samples taken after dilution, which is used in some systems to increase the pH of
the discharge water before release to prevent acute environmental effects. Onboard dilution also
reduces the corrosive properties of acidic scrubber discharge water in the piping.

Alkalinity is a crucial parameter in the wash water to ensure efficient SOx removal (Karle and
Turner 2007). In OL systems, bicarbonate ions in seawater react with hydrogen ions neutralizing
the acidity and raising the pH again (Den Boer and Hoen 2015); thus, enhancing further absorp-
tion of SO2. This implies that the natural alkalinity of seawater is consumed by the scrubbing
process. The alkalinity measurements by Schmolke et al. (2020) showed a significant drop of al-
kalinity in OL systems with inlet values in the range of 1.6-2.6 mmol*L-! and outlet values in the
range of 0.0-1.4 mmol*L-'. As aforementioned, in CL systems, alkaline substances are added to
the fresh water to adjust the pH level. Schmolke et al. (2020) reported zero (0 mmol*L-') alkalinity
in all discharge water samples from CL systems. Both pH decrease and alkalinity consumption
raise concerns about the effects of scrubber discharges on ocean acidification (see section 2.2
Acidification).

Table 3. Average values (+ 95% Cl) of pH and sulphur concentrations for open and closed loop discharge water and open
loop inlet water across published studies®. N = number of samples included. The average and confidence interval of pH
is calculated from the 107" values, i.e. the [H*]. As prepared for the ongoing EU H2020 EMERGE project report by Ytreberg
et al. (2020).

Open loop scrubber Open loop inlet Closed loop scrubber dis-
discharge water charge
Parameter X+95%CI N X +95% CI N | X%95%CI N
pH 3.85+0.33 36 7.72+0.14 29 | 454x0.51 11
Sulphur (mg*L") 2,200 + 446 18 2,376 + 480 13 | 12,280 + 10,104 9

1.2.4 Nutrients

Nitrate in scrubber discharge water is highly dependent on the environmental concentrations in
the water taken for scrubbing, as well as on the NOx removed from the exhausts (EGCSA and
Euroshore 2018). The NOx removal rate in conventional scrubbers is generally assumed to be
limited (<10%) (Den Boer and Hoen 2015) due to poor solubility of nitrogen monoxide in water,
which is present in higher amounts in the exhaust than the more soluble nitrogen dioxide
(Lloyd’s Register 2012). Scrubber discharge water samples showed nitrate concentrations in the
range of <0.03-22.3 mg*L-! in OL and <4.4-290 mg*L-" in CL systems (EGCSA and Euroshore 2018,
Magnusson et al. 2018, Schmolke et al. 2020, Ushakov et al. 2020). However, there is substantial
variation in the reported data (Table 4) and in close to 30% of the measurements that included
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analyses of both inlet and scrubber discharge water, the reported nitrate values are lower in the
scrubber discharge water than the inlet concentrations. In an ongoing project financed by the
Swedish Transport Agency, potential chemical interferences in spectrophotometric analyses of
nitrate (potentially resulting in false low nitrate values) in scrubber discharge water will be in-
vestigated.

Table 4. Concentrations of nutrients, nitrogen species and iron (average + 95% Cl) measured in scrubber discharge water
from open and closed loop systems, inlet water associated with open loop systems. N = number of samples included. As
prepared for the ongoing EU H2020 EMERGE project report by Ytreberg et al. (2020).

Open loop scrubber | Open loop inlet wa- | Closed loop scrubber
discharge ter discharge
Nitrogen species (mg*L-) X+95%CI N X+95%CI N X +95% CI N
Nitrate (NOs?) 2.83 +£2.06 31 3.21£2.23 30 110.98 +£135.73 4
Nitrite (NO2) 0.76 £ 0.68 28 0.97 £1.28 26 55.76 +130.71 4
Ammonium (NH¢*) 0.73+£0.03 17 0.07 £0.04 14 - -
Iron 024+037 4 0.032 + 0.08 3 - -
1.3 Estimates of scrubber contaminant loads to the envi-

ronment®

Contaminant loading to the environment from the use of scrubbers is significant when compared
to other sources of contaminants. Teuchies et al. (2020) modeled contaminant fluxes in the Har-
bour docks in Port of Antwerp with a “HIGH” scenario with 20% of the ship emissions treated
by open loop scrubbers. For several contaminants, the input from scrubbers exceeded the sum
of all other known sources: naphthalene (57 kg*yr for scrubbers compared to 19 kg*yr for all
other sources), phenanthrene (30 kg*yr? for scrubbers compared to 11 kg*yr for all other
sources), fluorene (10 kg*yr' for scrubbers compared to 6 kg*yr for all other sources), and nickel
(994 kg*yr! for scrubbers compared to 60 kg*yr! for all other sources). The Baltic Sea, a semi-
enclosed brackish sea with intense maritime traffic, and the North Sea were the first designated
Sulphur Emission Control Areas (enforced 2005 and 2006, respectively). Following regulations,
extensive measurements have been made in these seas to estimate contaminant loads from scrub-
bers (e.g. Jalkanen and Johansson 2019, Schmolke et al. 2020, Ytreberg et al. 2020). In other regions,
estimates of scrubber discharge water volumes and contaminant loads are scarce. However,
Georgeff et al. (2019) estimated 47 million tonnes of scrubber discharge will be released in Pacific
Canada during 2020.

For the Baltic and North Seas, Schmolke et al. (2020) used an emission model based on ship traffic
(determined using Automatic Identification System [AIS] signals) to estimate the total input of
scrubber discharge water and pollutants. Yearly discharge volumes were modeled under differ-
ent scenarios taking into account the uncertainty about the number of ships fitted with scrubbers
and the range of discharge water flowrates from values recorded during a sampling campaign
(from 60 m®*MWh'! up to 140 m>*MWh-! in the case of open loop). Total pollutant loads were
calculated based on estimated water emissions and concentrations obtained from analysis of dis-
charge water samples (minimum and maximum concentrations). The total yearly scrubber water
discharges in the Baltic and North Seas ranged from 210 to 4500 million tonnes. Vanadium and
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nickel emission loads from scrubber discharge water were estimated in the range of 3-1407
tonnes and 1-331 tonnes per year, respectively. Similarly, the total yearly emission loads for oil
and PAHEerais ranged from 11-1226 tonnes and 0.3-63 tonnes, respectively®.

The annual reports by the Finnish Meteorological Institute to HELCOM Maritime on emissions
and discharge by shipping in the Baltic Sea are based on AIS data linked to the produced vol-
umes of different waste streams from ships using the Ship Traffic Emission Assessment Model
(STEAM, Jalkanen and Johansson (2019)). From this, Jalkanen and Johansson (2019) estimated
the discharge of scrubber water (assuming OL: 45 m®*MWh' and CL: 0.25 m®*MWh) in the Bal-
tic Sea at 77 million m?® during 2018. The total number of individual ships operating in the Baltic
Sea in 2018 was approximately 8000 (with roughly 2000 ships estimated to be in operation at any
given time); of these, 99 ships were equipped with a scrubber (14 OL, 10 CL and 75 hybrid). In
combination with concentrations of contaminants (trace elements and PAHs) compiled by
Ytreberg et al. (2020), a scoping calculation can be made to compare the load of contaminants
from waste streams on board ships in the Baltic Sea during 2018 (Figure 5). Even though almost
all 2000 ships were discharging bilge, black and grey water, the load of metals and PAHs from
the 99 ships equipped with scrubbers was higher by 10-100-fold, with the load from the open
loop systems dominating.
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Figure 5. Comparison of trace elements (a), low level PAH (b) and high level PAH (c) contaminant loads from shipping related
waste streams in the Baltic Sea in 2018. PAH (b) and (c) only compare loads from open and closed loop scrubber discharge water
with bilge water, as grey and black water are not expected to contain PAH. *Sum total PAHs was not reported for bilge water,

¢ Removed comparison of total air emissions in the entire OSPAR area following discussions at ADGSCRUB
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but is included to highlight that only analyzing Sum EPA 16 PAH, which excludes e.g. alkylated PAHs, leads to an underestimation
of the total PAH emissions in scrubber discharge water. Data from Jalkanen et al. 2019, and Ytreberg et al. 2020.

11



12

ICES SCIENTIFIC REPORTS 2:86

Consequences and impacts of scrubber discharge
water

The combination of contaminants, acidifying, and eutrophying substances in scrubber discharge
water can be expected to impact the marine environment. However, the extent of the impact is
challenging to assess as it includes potential interacting effects (Rudén 2019) and depends on
ship related factors such as the number of ships equipped with scrubbers, type of operation and
fuel composition, as well as environmental factors, like hydrographic conditions, physical and
chemical properties of the water and types of organisms (Linders et al. 2019).

2.1 Contamination

There is now a growing body of laboratory evidence characterizing the toxicological threat posed
by scrubber discharges on a range of marine biota (Koski et al. 2017, Endres et al. 2018,
Magnusson et al. 2018). While information on direct field-related impacts is limited, it has already
been highlighted that the increase in the use of scrubbers and their associated discharges are
likely to pose a long-term environmental threat in ecologically sensitive areas (Lange et al. 2015).
Consideration should also be given to heavily impacted receiving environments, such as ports
and estuaries where scrubber dischargers are likely to further contribute to a complex mix of
metals, PAHs, organohalogens, and other industrial pollutants. The combined threat from these
sources of pollution need to be included when undertaking studies to establish the environmen-
tal risk associated with scrubber discharges (Kjolholt et al. 2012, Endres et al. 2018). Faber et al.
(2019) suggested that the use of scrubbers in many open harbours is highly unlikely to breach
chemical exceedance limits in water and sediment’. However, the assumptions made in that
study considered equal dilution across the sea area, rather than examining shipping behaviours
more closely.

Simulations in port environments estimate high increases in contaminant levels as a result of
scrubber discharge. Simulations of the Port of Antwerp showed pronounced increases in the
surface water for naphthalene, with an increased concentration of 39% under “scenario LOW”
and 189% under “scenario HIGH” and vanadium, which increased 9% under “scenario LOW”
and 46% under “scenario HIGH” (Teuchies et al. 2020). The modeling results from the Scheldt
estuary for naphthalene showed increased concentration of 5.0% with “scenario LOW” and 25%
with “scenario HIGH”. In both the Port of Antwerp and the Scheldt estuary, the EQS for surface
water according to EU WEFD are already exceeded with respect to fluoranthene, further sur-
passed by scrubber discharge. Nickel, zinc and vanadium are all close to the EQS in the Port of
Antwerp, and for nickel and zinc the scrubber discharge contribution is expected to cause ex-
ceedance. In the Scheldt estuary, the modeled concentration of pyrene in surface water also ex-
ceeds the EQS according to EU WFD and vanadium is close to the EQS.

211 Scrubber discharge water is toxic to marine biota

Scrubber discharge water has been shown to have lethal and sub-lethal effects on the marine
zooplankton community, depending on exposure time and dilution in laboratory experiments.
Effects on copepods (crustaceans commonly found in coastal waters) include reduced survival
and feeding rates and delayed development and molting. Instant mortality occurred at 80-100%
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treatments of scrubber discharge water within minutes of exposure, and diverse chronic sub-
lethal effects occurred at 1% treatment within days or weeks of exposure (Koski et al. 2017,
Magnusson et al. 2018). While difficult to test in a laboratory setting, the accumulated effects of
long-term exposure to scrubber discharge water can be expected to be severe and have the po-
tential to influence zooplankton community structure and associated secondary production, de-
pending on the residence time of the water in an enclosed port or harbour.

These strong negative responses to scrubber discharge water occur at concentrations of scrubber
discharge water with heavy metals and PAH concentrations that are many-fold lower than the
concentrations that induce effects in marine zooplankton in single-compound exposures (Koski
et al. 2017, Magnusson et al. 2018). For instance, the nickel concentration in OL scrubber discharge
water is < 60 ug*L (Table 1), whereas the LDso (Lethal Dose, 50%) of marine zooplankton ex-
posed to nickel is at much higher concentrations of 0.25-2.6 mg*L"' (Verriopoulos and Dimas
1988, Mohammed et al. 2010, Tlili et al. 2016, Zhou et al. 2016). Similarly, the LDso of the copepod
Oithona davisae exposed to naphthalene was 7.2 mg*L" (Barata et al. 2005) and the LDso of the
copepod Pseudodiaptomus pelagicus exposed to phenanthrene was 161 pug*L! (Kennedy et al. 2019),
both of which are many-fold higher than the concentrations measured in scrubber discharge wa-
ter (Table 1). Therefore, heavy metals and PAH compounds in scrubber discharge water are
likely acting synergistically, an effect that may be enhanced by the acidity, especially for the
metals (Parmentier et al. 2019 and references therein). Alternatively, or additionally, the observed
effects on copepods may be caused by unknown compounds present in the discharge water.

There are strong indications that other compounds in scrubber discharge water than analyzed
so far provoke toxic effects. In-vitro biotests on bleed-off discharge water showed stronger effects
of the response of the aryl-hydrocarbon receptor than could be explained by PAH concentrations
alone (Kathmann et al. in prep.). This receptor mediates important biological effects including
mutagenicity of compounds such as PAHs, dioxins and dioxin-like PCBs in vertebrates. Multiple
studies have shown that assessment of toxic effects based only on priority PAHs may underesti-
mate the presence of aryl-hydrocarbon receptor agonists and mutagenic compounds (Vondracek
et al. 2007, Sun et al. 2014, Lam et al. 2018). The full characterization of toxic PAHs in scrubber
discharge waters, including those compounds in particulate form, and many alkyl-homologues
and strong mutagens and/or carcinogens, such as C2sHis PAHs, is not routinely done at present
(Allen et al. 1998, Durant et al. 1998, Linders et al. 2019).

2.1.2 Bioaccumulation of contaminants from scrubber discharge wa-
ter

Beyond the acute toxic effects of the scrubber discharge water, there is potential for bioaccumu-
lation of contaminants in the food web. Scrubbers discharge large amounts of metals and PAHs
in dissolved, readily bioavailable form. These contaminants at ultra-trace levels will be concen-
trated in marine plankton, filtering organisms, fish and marine mammals, to levels which may
impair their vital functions and their biological performance (e.g. Echeveste et al. 2011 and 2012,
Tiano et al. 2014, Battuello et al. 2016, Calbet ef al. 2016, Chouvelon et al. 2019, Ytreberg et al. 2019).
In fact, the concentrations of contaminants may be hundreds to million times higher in plankton
than in the water column (e.g. Berglund et al. 2000, Gobas et al. 2009, Hallanger et al. 2011, Frouin
et al. 2013, Strady et al. 2015, Chouvelon et al. 2019 and references therein).

Bioaccumulation of contaminants in marine food webs is influenced by many factors, such as
contaminant properties (e.g. Fisher et al. 2000), organismal ecophysiology (Xu and Wang 2001,
Wang 2002), and physical and chemical environmental conditions (Breitburg et al. 1999, Wang et
al. 2001). However, plankton play a key role in the fate of many persistent organic contaminants
on a global scale (Dachs et al. 1999, Galban-Malagon et al. 2013b a and b, Parmentier et al. 2019).
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The body burden of contaminants discharged from scrubbers in the marine plankton and higher
trophic-level biota, together with the water-exposure pathways, should be considered in assess-
ments of the potential impacts of scrubber discharge water in the marine ecosystem. Although
zooplankton can also have high efflux and detoxification rates (Wang 2002), the presence of
heavy metals in fish, mussels and marine mammals confirms that these substances can bioaccu-
mulate in the food web, and that increased concentrations in the water and sediment should be
of concern.

Contaminants also accumulate in sediments and they can remain there or can move to the water
column depending on the redox conditions and the diagenetic processes that take place; in par-
ticular, metals show higher mobility in water with lower pH. The activity of benthic communities
such as burrowing and bioturbation, as well as human activities including dredging in harbours,
may enhance the remobilization of contaminants from sediments to the water column. Hence,
sediments can act as a sink or source of contaminants and the understanding of the functioning
of the natural sediment-water system and of its interaction with biota is necessary for the assess-
ment and management of water bodies. Even though monitoring the ecotoxicological risk of sed-
iments is not incorporated in the EU WFD (EC 2000, Borja et al. 2004), several other international
guidelines focusing on dredged material emphasize the importance of ecotoxicological testing
of sediments in addition to chemical, physical and biological characterization (DelValls et al.
2004). By analyzing contaminants in both water and sediment to determine the status of water
quality, resources could be better targeted at waterbodies where levels of pollution have a greater
impact on fish and other marine biota.

2.13 Effects of PAHs and heavy metals on fish and mammals

Although no studies exist on the direct effects of scrubber discharge water on fish or marine
mammals, PAHs and heavy metals are known to induce detrimental effects on these organisms.
Observed effects of PAHs on adult fish include narcosis, mortality, decrease in growth, lower
condition factor, edema, cardiac dysfunction, a variety of deformities, lesions and tumors of the
skin and liver, cataracts, damage to immune systems and compromised immunity, estrogenic
effects, bioaccumulation, bioconcentration, trophic transfer and biochemical changes (Logan
2007). Similarly, chronic exposure of early life stages of sensitive fish species to some PAHs can
lead to adverse developmental effects, including cardiac dysfunction (reviewed in Billiard et al.
2008). However, the responses to PAHs are variable and mediated by the life history and ecology
of the fish species and mechanisms causing adverse effects (Logan 2007), as well as by the inter-
action between exposure period and concentration (Santana et al. 2018). The effects of PAHs are
often non-additive as most environmental exposures are from complex mixtures of PAHs and
multiple mechanisms are involved in developmental effects (Incardona ef al. 2004, Billiard et al.
2008). The minimum concentrations needed for adverse effects of PAHs on fish are therefore
hard to predict.

Early developmental stages of fish are particularly sensitive to water pollution from heavy met-
als (Jezierska et al. 2009) and negative correlations between fish size and concentrations of cad-
mium, chromium, copper, iron, lead and zinc have been demonstrated (Canli and Atli 2003).
Marine fish tend to have relatively high levels of arsenic, cadmium and lead in their tissues com-
pared to other human food items (Bosch et al. 2016). However, the effects of scrubber discharge
water-relevant metals (nickel and vanadium) on fish, and their bioaccumulation up the food
chain, are not well studied.

Marine mammals are long-lived, apex predators that can accumulate relatively high levels of
PAHs and metals in their tissues. Studies of pollutant concentrations, particularly metals, have
been conducted for a broad variety of marine mammal species around the world and it has been
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suggested that marine mammals are important biomonitoring organisms for metal concentra-
tions (e.g. Monteiro et al. 2016, Machovsky-Capuska et al. 2020, Monteiro et al. 2020). While many
studies have measured pollutant concentrations, an animal’s life history (e.g., age, breeding, diet,
body condition, fasting periods, food availability, habitat use, migration, etc.) and associated
changes in physiology can influence tissue contaminant concentrations and toxicological risk.
However, studies are beginning to demonstrate that high concentrations of PAHs and metals
can have negative effects on marine mammals. For example, De Guise et al. (1996) show that the
metals present in Canada’s St. Lawrence Estuary could lead to the inability of individual beluga
whales (Delphinapterus leucas) to mount an adequate immune response and may explain the prev-
alence of severe diseases in that population. Lavery et al. (2009) found that South Australian adult
bottlenose dolphins (Tursiops aduncus) with evidence of renal damage had significantly higher
concentrations of cadmium, copper and zinc in their liver and that two dolphins showed signs
of possible severe and prolonged metal toxicity. Thompson et al. (2007) reviewed metal and PAH
concentrations in Pacific harbor seals (Phoca vitulina richardii) in the San Francisco Estuary and
found that the concentrations can have adverse effects on individual health. Finally, Desforges
et al. (2016) reviewed the effects of environmental pollutants on the immune system of marine
mammals. They found systemic suppression of immune function in marine mammals exposed
to environmental pollutants and suggested that exposure to immunotoxic pollutants may be a
contributing factor to infectious disease outbreaks.

2.2 Acidification

Ocean acidification (pH and alkalinity decline) is one of the major human-related stressors cur-
rently affecting marine ecosystems (e.g. Doney et al. 2009, Turley and Gattuso 2012). In particular,
maritime traffic emissions (COz, SOx and NOx) from the burning of fossil fuel oils superimpose
on global climate change to acidify ocean waters (Hunter et al. 2011). CO: related acidification is
acting on global scale, as a result of the gas exchange at the air-sea interface, where an increased
CO: concentration in the atmosphere drives an increased uptake of CO: in the ocean, thereby
shifting the carbonate system towards release of protons (H*) (Equation 1).

Equation 1. CO,+H,0 <-> HCO3™ + H* <-> CO3% + 2H* (carbonate species equilibria)

In contrast to COz, SOx- and NOx-related acidification is acting at local or regional scales follow-
ing deposition of atmospheric emissions (Hunter et al. 2011). In the atmosphere, SOx and NOx
will react with water and rapidly be converted to strong acid species (H2504 and HNOs). Hunter
et al. (2011) give a detailed description of the differences between CO2 versus SOx and NOx re-
lated acidification and conclude that there are two main differences. First, COz-related acidifica-
tion does not alter the alkalinity while each mole of the strong diprotic acid H2504 will consume
2 equivalents of alkalinity. Analogously, the monoprotic HNOs: will cause a decrease in alkalinity
of 1 equivalent. Secondly, on a longer time scale (few months to a year) the acidification by strong
acids (H2S0s and HNOs) will increase the partial pressure of CO:z in the water (shifting Equation
1 to the left), resulting in a CO: flux from the ocean to the atmosphere. For each ton of SO: dis-
charged by scrubbers, the ocean uptake of atmospheric CO: is reduced by half a ton (Stips et al.
2016), reducing the ability of the ocean to absorb CO: (sink role of the ocean) and further con-
tributing to global climate change (Hunter et al. 2011).

2.2.1 Modeled pH decrease from scrubbers

In 2014, global shipping CO: emissions represented 2.6% of total CO2 emissions (Smith et al.
2014). Eyring et al. (2005) and Corbett et al. (2007) estimated that shipping was responsible for
15% of the world’s airborne NOx emissions and 5-8% of SOx emissions. NOx is primarily formed
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from nitrogen in the air during combustion at high temperatures, whereas SOx is directly linked
to the sulphur content of the oil type. For instance, if 35% of the fleet (in gross tonnage) in the
North Sea Sulphur Emission Control Area was equipped with OL scrubbers, the total amount of
SOx discharged at sea would be 13 times higher than if the whole fleet used low-sulphur fuel oil
instead (Duliere et al. 2020).

Mathematical modelling approaches provide estimates of the contribution to ocean acidification
resulting from the use of scrubbers and from climate change over regional to global areas (e.g.
Artioli et al. 2012, Hassellov et al. 2013, Stips et al. 2016, Turner et al. 2018, Duliere et al. 2020).
Model estimations of shipping-related ocean acidification mostly rely on: (1) available infor-
mation on COz SOx and NOx marine input from maritime traffic and (2) the ability of models to
simulate the physical and biogeochemical processes of the marine environment. Studies often
base their estimations on extrapolations from scrubber discharge water measurements or on es-
timates reconstructed from traffic emission models that use information on fuel, ship character-
istics and positions (e.g. STEAM3 and DREAM models). Studies that present results averaged
over large domains often estimate smaller pH differences (due to the smoothing effect of the
average) than those over smaller domains; localized studies can provide a more realistic estima-
tion in potentially problematic areas with intense maritime traffic (Table 5).

On a global scale, NOx and SOx-related acidification resulting from human activities is only a
few percent of COz-induced acidification (Doney et al. 2007). Nevertheless, in areas of intense
maritime traffic where scrubber water discharges are permitted, scrubber-related ocean acidifi-
cation could become equivalent to several years or decades-worth of CO2-induced acidification
(Duliéere et al. 2020). This tendency intensifies for semi-enclosed and enclosed seas (Stips et al.
2016).
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Table 5. Overview of the annual pH decrease (acidification) in response to ship-borne SO, and CO, emissions, adapted
from Stips et al. (2016).

Study Area ApH*yr! (SO2) ApH*yr' (CO2)

Doney 2007 Global <0.0004 ~0.0010
Hunter 2011 North Sea 0.0014 0.0016
Hunter 2011 Baltic Sea 0.0005 0.0018
Hunter 2011 South China Sea 0.0008 0.0015
Hassellov 2013 North Sea 0.0024 -
Hassellov 2013 Global 0.0004 -
Beare 2013 North Sea - 0.0
COWI 2013 Sound 0.0010 -
Hagens 2014 North Sea 0.0005 -
Hagens 2014 Baltic Sea 0.0001 -
Bates 2014 Global - 0.0018
Omstedt 2015 Baltic Sea 0.0001 -
Stips 2016 North Sea (0-20m) 0.00024 0.0010
Stips 2016 North Sea 0.00011 0.0008
Stips 2016 Rotterdam 0.0025 0.0010
Moldanova 2018 | Baltic Sea 0.0001 -
Bindoff 2019 Global - 0.0017-0.0027
Duliére 2020 Southern North Sea 0.0040 -
Duliere 2020 Dutch & Belgian coastal areas Up to 0.031 -
Teuchies 2020 Port of Antwerp Up to 0.015 -

2.2.2 Potential effects on redox conditions and port sediment?®

The lower pH and warmer temperature of scrubber discharge water relative to ambient water
may cause indirect effects through alteration of redox conditions. In particular, contaminants in
sediments may be released if there is a change in conditions, such as the local environment be-
coming more acidic (Borch et al. 2010, Grundl et al. 2011). UK port stakeholders are concerned
about how the release of acidified, warm scrubber discharge water in ports and harbours may
affect availability of contaminants (especially inorganic species) in sediments
(British Ports Association 2019). Sediment contaminant concentrations may increase through di-
rect inputs, as described in section 2.1.2, or indirectly as a result of increased mobility following
increasing acidity. This may affect the EU WFD environmental status due to increased contami-
nant concentrations in waters, as well as affecting dredge sediment assessment (according to
national regulatory frameworks, e.g. UK Cefas guidelines) such that sediment previously ac-
ceptable for disposal at sea is no longer allowed and different methods of disposal (likely to be
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more expensive) may be required. There is also uncertainty over potentially higher risk harbours
that have low flushing.

2.3 Eutrophication

Introduction of excess nutrients to the marine environment, e.g. from agricultural run-off, sew-
age, and atmospheric deposition of NOx, can cause oxygen depletion of coastal waters, increased
risk of harmful algal blooms (Sellner et al. 2003), and reductions in biodiversity (Smith and
Schindler 2009). Shallow sea areas with limited water exchange and substantial nutrient input,
e.g. the Baltic Sea, are prone to eutrophication (e.g. Diaz and Rosenberg 2008). The shipping-
related nutrient input is dominated (>99%) by atmospheric deposition of nitrogen originating
from the formation of NOx during combustion of fuel. In the EGCS Guidelines, there is a limit
set for maximum allowed removal of 12% NOx in the exhausts by a scrubber, corresponding to
a nitrate concentration of 60 mg*L"' (or 968 pumol*L) in the discharge water. This results in a
more localized transfer of NOx from ship exhausts to the marine environment, compared to dep-
osition of atmospheric emissions. Koski et al. (2017) and Ytreberg et al. (2019) showed that NOx
uptake well below the set limits stimulated microbial plankton growth, indicating that scrubber
discharge water can contribute to eutrophication.

Today there is consensus among the Baltic Sea States that nutrient loads need to be reduced to
improve the environmental status of the Baltic Sea (HELCOM 2018). The total nutrient input
from shipping in the Baltic Sea was estimated to account for 6% of the total nitrogen input from
all sources in 2014 (Bartnicki and Benedictow 2017). Raudsepp et al. (2019) reported a somewhat
lower estimate of 1.3-3.3% from all shipping-related nitrogen sources, but also stated that this
input could locally impact different biogeochemical variables up to 10%. As land-based emis-
sions of NOx decrease, the relative share of shipping related emissions increase. For that reason,
MARPOL Annex VI (first adopted in 1997 and revised thereafter) includes the regulation of NOx
emissions from ships, and the IMO has designated the Baltic and North Seas as NOx Emission
Control Areas (NECAs) as of 1 January 2021.
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Available mitigation measures and their environ-
mental consequences

The introduction and global use of a new technology that has known adverse effects and cur-
rently unpredictable consequences for the marine environment calls for application of the pre-
cautionary principle to avoid another example of Late lessons from early warnings
(European Environment Agency 2001). The discussions on potential negative impacts from
broad use of scrubbers have been ongoing for the past 20 years (MEPC 1998). The relevance and
complexity of the subject has led to many commissioned reports submitted to the IMO both by
member States and representatives from the maritime industry (Linders et al. 2019 and references
therein). Most studies, with few exceptions (Kjelholt et al. 2012, Faber et al. 2019, Japan 2019),
conclude that more research on the environmental impact from scrubbers is needed due to lack
of consistent data on scrubber discharge water composition, as well as lack of understanding of
cumulative risk in the marine environment (Heywood and Kasseris 2019). However, there is no
doubt that discharge of scrubber water applies an additional pressure on biogeochemical pro-
cesses and pollution in the marine environment, and that the persistent organic pollutants
(POPs), such as DL-PCBs, PCDDs and PCDFs, that were found at low traces in scrubber dis-
charge water (Linders et al. 2019) should be further investigated. Repeated releases of POPs,
banned under the Stockholm Convention because of their widespread, long-term impacts in hu-
mans and wildlife, can contribute to species-level declines and cause ecosystem-wide impacts;
some specific congeners, such as the highly toxic TCDD, are known to have reproductive and
developmental impacts on fish (King-Heiden et al. 2012). Mitigation measures to reduce the neg-
ative impacts of scrubber discharge water fall into three categories: i) avoidance of scrubber dis-
charge; ii) technological advances; and iii) improved regulations, monitoring and enforcement.

3.1 Avoidance of scrubber water discharge

A complete avoidance of the impacts from scrubber water discharge requires use of compliant
fuels. Distilled fuels, like Marine Gas Oil (MGO), Liquefied Natural Gas (LNG) or biofuels, have
been reported not contain the same toxic combinations as residual fuel oils (Sippula et al. 2014,
Corbin et al. 2020, Lehtoranta et al. 2019, Su et al. 2019) and are compliant regarding emissions to
air, without increasing the impact on the marine environment. In addition to the discharge of
scrubber water during normal operation, the use of scrubbers allows the continued carriage of
heavy fuel oil on ships, which in the event of accidental fuel spills, are likely to have significant
economic and ecological consequences compared to spills of cleaner fuels (Deere-Jones 2016).
However, there remains a need for caution regarding the new low sulphur fuel blends, often
referred to as hybrid fuels that are compliant with the IMO sulphur regulations. These fuels may
contain higher concentrations of contaminants compared to distilled fuels (Takasaki et al. 2018,
Finland and Germany 2020). Initial tests have also shown that these oils may be non-compatible
with available oil spill clean-up equipment (Hellstrem 2017), which is continuously being inves-
tigated in the EU funded project IMAROS (2020).

According to the United Nations Convention on the Law of the Sea (UNCLOS) (United Nations
1982) Article 195 on Duty not to transfer damage or hazards or transform one type of pollution into
another it is stated that: “In taking measures to prevent, reduce and control pollution of the ma-
rine environment, States shall act so as not to transfer, directly or indirectly, damage or hazards
from one area to another or transform one type of pollution into another”. Further, in accordance
with Article 211 (3) UNCLOS, port States have full sovereignty over their ports; i.e. they are free
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to adopt their own, more stringent regulations or even ban scrubber water discharge (Endres et
al. 2018). In response to wide-spread concerns around scrubber discharge water, the use of scrub-
ber systems or their discharge has been banned by 28 ports or regions in countries around the
world (Nepia 2020).

3.2 Investment in technological advances

In order to reduce the impacts of scrubber discharge water, significant technological advances
would be required. A zero discharge CL scrubber system, where all residues are left in port re-
ception facilities would be a hypothetical alternative, yet there are many obstacles to overcome
to consider this a realistic option. First, removal of contaminants at the scale of scrubber dis-
charge water production rates is challenging and requires investment in additional equipment
and new expertise regarding maintenance. There are a few examples of zero discharge scrubber
setups where the CL residues are left ashore, which is possible in some trade routes, for instance,
ferries operating on short distances and returning to the same port facilities. If all ships equipped
with scrubbers deposited scrubber-related waste in port, it would require a large expansion of
port reception facilities and lead to substantially higher costs for the operation of scrubbers. Sec-
ondly, additional treatment of scrubber discharge water implies increased costs of chemicals and
increased energy consumption (Lindstad and Eskeland 2016). Finally, the risk of accidental
heavy fuel oil spills still remains with potentially severe consequences (Deere-Jones 2016). Ade-
quately evaluating the option of new technological advances would require a thorough Life Cy-
cle Assessment, which is beyond the scope of this review.

3.3 Regulations, monitoring and enforcement

During the previous century, the rational for the disposal of waste and hazardous substances in
the aquatic environment was that “the solution to pollution is dilution”. However, this rational
was widely disproved with the advent of modern industrial activities and their use and dis-
charge of toxic chemicals which are largely not biodegradable. Now this outdated concept is
being offered in response to the scrubber discharge water concerns. Many of these pollutants are
persistent, have the potential to bioaccumulate, and exert toxic potential at very small dosages.
These pollutants became legacies that the world oceans and coastal systems already bear, on top
of which are the continuous inputs of contaminants and discharges from various sources.

Avoidance of scrubber water discharge is a precautionary, protective measure which reduces the
need for extensive monitoring, both on-board and in situ, to ensure that the use of scrubbers does
not impair the environmental status in areas of intensive shipping. Broad introduction of scrub-
bers on ships presents a potential exceedance of environmental quality standards, especially for
areas with high shipping density (Figure 3). The additional inputs of persistent, bioaccumulating
and toxic contaminants from scrubber discharge waters may result in the failure to achieve good
environmental status at local and sub-regional scales and to meet the objectives of international
agreements and regulations such as Regional Sea Conventions and European Directives
(OSPAR, HELCOM, Barcelona Convention, EU MSFD, EU WED). Updates in environmental re-
search and monitoring programs are required to include assessment and mitigation of ecosystem
impacts from the introduction of scrubbers worldwide. In particular, the significance of the con-
taminant inputs and their impacts should be addressed through cumulative impact assessment
methods that consider all other contributing contaminant sources and additional human pres-
sures in a specific area. The few existing reports that claim broad use of scrubbers to be of no
concern for the marine environment all omit background concentrations and environmental im-
pacts of other sources in their calculations (e.g. Kjelholt 2012, Japan 2019, MEPC 74/INF.24, Faber
et al. 2019). Currently available modelling efforts of potential risks of scrubber water discharge
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in ports e.g. Faber et al. (2019) can be improved by modelling high risk ports where there is sig-
nificant dredging of sediment and use by large cruise ships and container ships, and by further
evaluating different sediment type and contaminant load scenarios.

3.3.1 Enforcement of scrubber water discharge limits®

Under the International Convention for the Control and Management of Ships’ Ballast Water
and Sediments (BWMC) (IMO 2004), mandatory discharge standards for the concentration of
viable organisms have been developed and enforcement is in place. In contrast to the BWMC,
where the discharge standard is included in the core of the convention, in MARPOL Annex VI
Regulation 14 (IMO 2008), it is the sulphur content of marine fuels that is regulated through set
limit values. A scrubber is defined as an “equivalent method” to be compliant with sulphur con-
tent limits in marine fuels, and the EGCS guidelines are focused on the approval of those systems
and monitoring systems thereafter; subsequently, enforcement is currently comprised only of
assessing whether the system has been approved and is working as indicated for a limited time.
Effective mitigation of scrubber impacts needs stringent requirements and standards, monitor-
ing protocols and widespread, effective enforcement, which will also imply increased costs

3.3.2 Revised discharge limits

The increasing use of scrubbers requires updated discharge limits for a number of contaminants
present in large quantities in scrubber discharge water. MARPOL Annex VI introduced dis-
charge norms for new waste categories, in particular the residues from scrubbers, including
sludge, discharge and bleed-off waters. However, harmonized and generally approved protocols
and procedures for the assessment and control of contaminant discharges from these new scrub-
ber waste categories are not yet fully established and agreed upon. There is a complete lack of
discharge limits for a number of potentially harmful substances and elements in scrubber dis-
charge water, including large quantities of metals and persistent organic pollutants (POPs) and
there is a need to update and revise existing discharge limits for some substances, such as PAHs.

3.3.2.1 Metal pollutants not included in the EGCS guidelines

There are currently no limits in place for metal content in scrubber discharge water despite re-
ported high concentrations of vanadium, nickel, copper and zinc. The high concentrations of
heavy metals found in discharge water (see section 1.2) demonstrated that the limit value on
turbidity, proposed as an indicator of metal content in the EGCS Guidelines (MEPC 2008b, 2009
and 2015), is not sufficient to protect the environment. There is an urgent need for further and
continuous improvement of methodological protocols, revisions of existing limits and establish-
ing new limits for metal content (Bosch et al. 2009, MEPC 2015, Linders et al. 2019).

3.3.2.2 PAH discharge concentration limit in the EGCS guidelines

The EGCS Guidelines established a discharge criteria defined as PAH phenanthrene equivalent
(PAHphe) for PAH concentrations in scrubber discharge water, and as a surrogate for oil residues.
The limit value is dependent on the specific discharge water flow rate (t/MWh). The method for
PAHphe determination was defined as an optical measurement with ultraviolet light or fluores-
cence detection by means of an online-sensor installed onboard, allowing continuous monitoring
of the dissolved PAH discharge. However, the measurement of PAHs by optical methods has
drawbacks. The optical measurement is subject to strong interferences (quenching, scattering of
emitted light, etc.), which may be related, for instance, to changing suspended particulate matter
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and organic matter concentrations. Additionally, optical measurement overlooks PAHs present
in particulate form, which could only be measured with frequent sampling and filtering, fol-
lowed by laboratory coupled gas chromatography-mass spectrometry (GC-MS) analysis.

Furthermore, the PAHphe concept, created and applied exclusively under the EGCS Guidelines
of the IMO, is not well defined, which could introduce many flaws and misunderstandings. In
practice, almost all PAHphe-equivalency were not summed concentrations of PAH determined
by GC-MS analysis (Linders et al. 2019). Further, considering the underestimation of PAH in
scrubber discharge water reported when using Sum 16 EPA analyses (Figure 5) there is an urgent
need to include alkylated PAHs in the analyses of scrubber discharge water.

Finally, the 50 ug*L' PAH discharge limit for scrubbers may not be protective for the marine
environment. A rough estimate by Linders et al. (2019) showed that if all ships were equipped
with OL scrubbers and complied with the PAH discharge limit, their total emissions would be
about 10 times higher than worldwide PAH emissions from all sources (all biomass and fossil
fuel combustion; Shen et al. (2013), Gonzalez-Gaya et al. (2016)). Though <10% of the global fleet
has installed scrubbers to-date, this calculation indicates that under broad scale use, the current
PAH discharge limit does not provide any practical restriction. Therefore, revision is required
for the discharge criteria for PAHs and oil discharges in the EGCS Guidelines.

3.3.2.3  Re-evaluate NOx limits

The removal of NOx from scrubber discharge water is generally assumed to be <10% (Den Boer
and Hoen, 2015), below the current limit set for maximum allowed removal of 12% NOx in the
exhausts by a scrubber. At the IMO MEPC Sub-Committee on Pollution Prevention and Re-
sponse (PPR) 7t meeting (PPR 7) in February 2020, concerns regarding the difficulty to achieve
adequate measurements of NOx removal, together with reported low values of nitrates in scrub-
ber discharge water, led to suggested exclusion of NOx limits; however, this did not gain sup-
port. It is advisable to continue the evaluation of the NOx limits, particularly considering that
NOx uptake well below set limits stimulated growth of a microbial plankton community in the
Baltic Sea (Koski et al. 2017, Ytreberg et al. 2019).

3.3.24 pH and comparison with ambient water

Although pH is generally considered a standard parameter, it is also important to understand
that pH measurements in seawater, especially in areas with salinity gradients, is not a trivial task
(Kulinski et al. 2017). Schmolke et al. (2020) observed deviations on pH measurements carried out
on-board with calibrated equipment and the ship online-monitoring data. Although for most of
the samples the deviations were below 25%, it is noted that little differences of pH values mean
significant changes as pH is based on a logarithmic scale.

Beside the analytical challenges to make accurate pH measurements, there is also an exception
criteria in the current EGCS guidelines that may be prone to bias. According to the guidelines,
scrubber discharge water should have a pH of no less than 6.5 measured at the ship's overboard
discharge. However, there is an exception that during maneuvering and transit, a maximum dif-
ference of 2 pH units is allowed between measurements at the ship's inlet and overboard dis-
charge. If many ships are operating scrubbers in a confined area, the inlet pH may already be
lower than the natural ambient pH. Thus, using comparative inlet and outlet values, rather than
a minimum standard, may give a false impression that it is acceptable to discharge water of even
lower pH.
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333 Need for transparent, well-defined sampling and reporting pro-
tocols

Enforcement of regulations and limits requires effective and efficient sampling and reporting
protocols. Studies are needed to better understand scrubber effectiveness (mainly SOx removal)
and the transfer of contaminants from scrubber discharge water to the marine environment. Im-
proved evaluation and full chemical characterization of contaminants, eutrophying and acidify-
ing substances discharged by scrubbers is essential in this context and urgently needed. Existing
sampling protocols are incomplete and may introduce considerable bias in the quantification of
the contaminant discharge. For instance, a number of reports that evaluate contaminant dis-
charge by OL scrubbers subtract contaminant concentrations in the inlet seawater from concen-
trations in the outlet water before discharge. Inlet seawater concentrations have been incorrectly
assumed to be the natural background concentrations for the area where the ship operates. How-
ever, as for pH mentioned previously, the contaminant concentrations in the inlet samples are
influenced by other discharges to the environment, including from scrubbers of all ships operat-
ing in the area. Moreover, inlet samples are often collected after passage through the onboard
pumps and may be contaminated by the ship’s lubricants and metallic pipes (i.e., copper-con-
taining antifouling paints in the sea chests and cathodic pipe protection systems). This portion
of contaminants, though not directly related to the scrubber process, would not be discharged
into the marine environment if scrubbers were not used; therefore, they should not be regarded
as background contaminants from the surrounding environment. The mass balance approach,
with mandatory sampling and reporting of chemical characterization of inlet water, scrubber
discharge water, fuel and lubricants, along with data on water flows, and engine load, for better
quantification of contaminant discharge, should be further developed and applied (Linders et al.
2019).
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Conclusion

Transferring contaminants from air emissions to the ocean does not mitigate their impact and
instead, the use of scrubber systems is creating an emerging global problem. The growing use of
scrubbers by ships to meet the reduced sulphur emission limits will yield significant amounts of
acidic and contaminated scrubber discharge water. Scrubber discharge water is documented to
comprise a cocktail of heavy metals, PAHs and other organic compounds which have not yet
been identified. This mixture has demonstrated the potential for substantial toxic effects in la-
boratory studies, causing immediate mortality in plankton and exhibiting negative synergistic
effects. The substances found in scrubber discharge water are likely to have further impacts
through bioaccumulation, acidification and eutrophication in the marine environment. While a
single ship with an installed scrubber may pose limited, local risk to marine ecosystem health, a
global shipping community employing scrubbers to meet air emission limits is of serious con-
cern. The impacts of scrubber discharge water can be completely avoided through the use of
alternative fuels, such as distilled low sulphur fuels. Distilled fuels have the added benefit that
they remove the threat of heavy fuel oil spills from shipping activities. If the use of distilled fuels
is not adopted, then there is urgent need for:

1) significant investment in technological advances and port reception facilities to allow
zero discharge closed loop scrubber systems;

2) improved protocols and standards for measuring, monitoring and reporting on scrub-
ber discharge water acidity and pollutants;

3) evidence-based regulations on scrubber water discharge limits that consider the full
suite of contaminants.
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Annex 1: Technical minutes from the Scrubbers
Review Group

e RGSCRUB

e By correspondence August 2020

e DParticipants: Sonja Endres (Chair) and Johannes Teuchies
e  Working Group: WGSHIP

1. ICES viewpoint on scrubbers — Review by Sonja Endres

This ICES viewpoint represents a major effort to summarize and evaluate the potential impacts
of seawater scrubbing in shipping on the marine environment. In addition, the authors compare
alternative mitigation measures including existing and future technological and operational al-
ternatives.

This report is an excellent summary of the current state of research and comprehensively classi-
fies the potential risks of scrubber use. It has been carefully researched and written in an easily
understandable manner. The objectives of this viewpoint are of high relevance and interest for
both, policy-makers and industry.

Therefore, I have only some minor comments and I would like to add some further ideas and
remarks from to be considered shortly in the text:

Chapter 1 Global use of scrubbers

- Installation of scrubbers on ships: There were also concerns by shipping companies on
the availability of low sulphur fuel on the market. Limited amounts would come at in-
creasing costs for them. The installation of EGCS is also costly but assuming declining
costs for HFO made it attractive as an intermediate solution while looking for long-
term alternatives such as LNG or even methanol = see outlook zero emission shipping

Chapter 2 Consequences

- An ongoing transdisciplinary project called ShipTRASE financed by the Belmont fo-
rum will analyse the environmental, economic and legal aspects of ship emission re-
duction mechanisms such as introducing ECAs. It will assess the efficiency of current
emission control regulation (or lack thereof) on different levels and evaluate govern-
ance instruments. Regarding biochemical cycling, it will study the impact of scrubber
discharge on organic compounds in the seawater and the concentration of climate-ac-
tives gases in the surface ocean. For further information, please contact Christa Ma-
randino, GEOMAR or Anna Rutgersson from Uppsala University.

Chapter 3.3 Regulations, monitoring and enforcement

- Legal regulation on different levels, i.e. IMO, EU, individual states, can address vessel-
based air pollution by different means of standard-setting. Revised or new legal stand-
ards can concern types of fuels, use of mitigation technology during vessel operation,
port-reception facilities for waste disposal, and ship-building. A close collaboration be-
tween science, industry and decision-makers is necessary to achieve acceptable and
sustainable solutions that will be implemented and can be monitored. Since technology
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develops fast, legal regulation need to be flexible to be adapted to upcoming technical
options.

Chapter 4 Conclusion

The MEPC agreed to define a Baltic Sea Special Area prohibiting liquid discharge from
new (since June 2019) and existing (from June 2021) passenger ships to the sea. So far,
scrubber discharge is not included (correct me if I am wrong) but should be considered
as “sewage” and consequently prohibited in the Baltic Sea in the future.

Outlook future zero emission shipping (IMO GHG Strategy 2050): In April 2018, MEPC
adopted a strategy on the reduction of greenhouse gas emissions from ships. The aim
is to reduce the total annual GHG emissions in global shipping by at least 50% by 2050
compared to 2008. Therefore, in the next 25 years, the majority of shipping companies
are expecting to replace present fuel oils by cleaner alternatives, such as liquified natu-
ral gas (LNG) or methanol and in certain cases also electric propulsion. The conse-
quences of alternative fuel use need to be investigated in advance to avoid side effects,
such as those potentially introduced by the use of scrubbers.

Minor comments:

Use ug*L-1 instead of ug/L, same for mg/L

2. ICES viewpoint on scrubbers — Review by Johannes Teuchies

I believe this review is very valuable and gives a good overview of the existing knowledge on
scrubbers and their potential impact on aquatic ecosystems. The number of vessels installing a
scrubber is increasing rapidly, but legislation on washwater discharge is limited and not con-
sistent between countries or areas. To my knowledge, the information provided by industry or

shipping companies (no or very little effects from scrubber washwater) is not entirely in line with

recent scientific results (effects of scrubber washwater are expected, mainly in certain areas).

Some thoughts, suggestions:

For me, an important issue concerning the impact of scrubbers is the difference in total
contaminant fluxes resulting from HFO+scrubber and MGO. When reading this opin-
ion paper and not familiar with the topic, the main impact of scrubbers might be inter-
preted as ‘trading reductions in air pollution for increased water pollution’. However,
of large importance to me is that the total contaminant flux to the environment (water +
air) is much higher for HFO+scrubber compared to MGO. Moreover, it has been re-
ported that, in addition to the generated washwater fluxes also the emissions to the air
are higher for HFO+ scrubbers then for MGO for several contaminants (e.g. !). I believe
that this broader view on impact is important to include in the risk assessment and
maybe can have somewhat more attention in the paper (in general introduction, chap-
ter on load or mitigation measures, ....)?

As mentioned in the text (chapter 1.2.4) the impact of scrubbers on N flux and related
eutrophication is very low. Trapping N in the washwater is limited and I would as-
sume the overall outflux of NOx (air + water) is similar between HFO+scrubber and
MGO (not for most other contaminants). I believe the impact of scrubbers on eutrophi-
cation is very limited and I would suggest to nuance.
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- Inchapter 1.2. “Chemical composition’ the differences between OL and CL are dis-
cussed. Differences between OL and CL also exist in load (chapter 1.3) and are clear
from Figure 5. I suggest to shortly discuss this also in the text.

- Chapter 2 ‘Consequences’ gives interesting information on possible effects of metals,
PAH, acidification, synergistic effects, ... However, it is rather general. Information to
answer the question whether scrubber discharge will have a negative impact on
aquatic ecosystems and under which circumstances is limited (in real environments,
not lab based). I agree that this is a difficult question and information is limited. How-
ever, | suggest to try to improve the link between the given information on effects (tox-
icity, bioaccumulation, pH) and expected changes caused by scrubbers. Information on
expected dilution factors and concentration changes might be included (e.g. calculated
for a harbor in Teuchies et al., 2020).

- The effect of washwater on the redox conditions (chapter 2.2.2) is not very clear to me. I
agree that acidification can have an impact the mobility of metals. But it is not clear to
me how this relates to redox reactions (see comments in the text).

- Tagree that the current limits set for contaminants in washwater are insufficient to
protect most receiving aquatic ecosystems. However, Ibelieve that defining new
limits, organising sampling and having a control system will be extremely difficult for
several reasons. (1) during sampling we found out that contaminant concentrations
fluctuated already on one vessel using one type of fuel. A lot of factors will have an
effect on the washwater concentrations, and it will be very difficult for ships to know
under which conditions they will meet the criteria and be able to use the scrubber. (2)
The impact of discharge will largely depend on conditions of the receiving water body.
(3) In order to protect receiving aquatic ecosystems, I believe that the discharge limits
(metals, PAHs, ...) will end up to be lower than concentrations measured in most
scrubber washwater. As long as vessels with scrubbers will use HFO, contaminant
concentrations in washwater will be elevated.

Hence, I'm not sure a revision of the discharge limits will be possible, a solution. The
ban of scrubbers in certain areas (e.g. rivers, coasts, estuaries, harbours) might be a first
step. I believe it should be made clear that the use of open loop scrubbers as an
abatement technology will not contribute to mitigation of the impact of high sulfur
emissions (which is the objective of the IMO sulphur guidelines).

Lehtoranta, K.; Aakko-Saksa, P.; Murtonen, T.; Vesala, H.; Ntziachristos, L.; Ronkkd, T.; Karjalainen, P.;
Kuittinen, N.; Timonen, H., Particulate Mass and Nonvolatile Particle Number Emissions from Marine
Engines Using Low-Sulfur Fuels, Natural Gas, or Scrubbers. Environ. Sci. Technol. 2019, 53, (6), 3315-
3322.
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3. Reviewers’ comments and authors’ responses

Reviewer # 1

Authors’ responses:

ICES viewpoint on scrubbers — Review

I believe this review is very valuable and gives a good
overview of the existing knowledge on scrubbers and their
potential impact on aquatic ecosystems. The number of
vessels installing a scrubber is increasing rapidly, but leg-
islation on washwater discharge is limited and not con-
sistent between countries or areas. To my knowledge, the
information provided by industry or shipping companies
(no or very little effects from scrubber washwater) is not
entirely in line with recent scientific results (effects of
scrubber washwater are expected, mainly in certain areas).

We thank Reviewer #1 for the thorough
and constructive review of the Background
document to the Viewpoint on scrubbers.
Responses to Reviewer# 1’s questions,
comments and suggestions, will be made
below and in the document “ICES View-
point on scrubbers background document
—revised Sept 12 2020.docx”.

Some thoughts, suggestions

- For me, an important issue concerning the
impact of scrubbers is the difference in total contaminant
fluxes resulting from HFO+scrubber and MGO. When
reading this opinion paper and not familiar with the topic,
the main impact of scrubbers might be interpreted as ‘trad-
ing reductions in air pollution for increased water pollu-
tion’. However, of large importance to me is that the total
contaminant flux to the environment (water + air) is much
higher for HFO+scrubber compared to MGO. Moreover, it
has been reported that, in addition to the generated wash-
water fluxes also the emissions to the air are higher for
HFO+ scrubbers then for MGO for several contaminants
(e.g. 1). I believe that this broader view on impact is im-
portant to include in the risk assessment and maybe can
have somewhat more attention in the paper (in general in-
troduction, chapter on load or mitigation measures, ....)?

We acknowledge the reasoning regarding
HFO+scrubber vs MGO and will add the
reference suggested. However, many ships
will not use MGO but may use other com-
pliant fuels such as the new generation of
fuel blends, often referred to as hybrid
fuels. We believe that this issue is already
addressed in the background document
under 3.1.

“Distilled fuels, like Marine Gas Oil
(MGO), Liquefied Natural Gas (LNG) or
biofuels, have been reported not contain
the same toxic combinations as residual
fuel oils (Sippula et al. 2014, Corbin et al.
2020, Su et al. 2019) and are compliant re-
garding emissions to air, without increas-
ing the impact on the marine environ-
ment.”

- As mentioned in the text (chapter 1.2.4)
the impact of scrubbers on N flux and related eutrophica-
tion is very low. Trapping N in the washwater is limited
and I would assume the overall outflux of NOx (air + wa-
ter) is similar between HFO+scrubber and MGO (not for
most other contaminants). I believe the impact of scrub-
bers on eutrophication is very limited and I would suggest
to nuance.

We agree that the impact of scrubbers on
the N-flux is probably the least explored ef-
fect, yet e.g. Ytreberg et al 2018 found that
scrubber discharge water stimulated
growth of natural microbial communities.
At Chalmers University of Technology we
are also currently looking into the possibil-
ity that spectrophotometric analysis of
NO2+NO3 in scrubber discharge water
may be biased due to interference of some-
thing in the scrubber water, since we have
observed stimulation of growth that can-
not be explained by the nutrient nor trace
element content of the scrubber water com-
pared to a control. This is however un-
published results that cannot be included
as a basis for the Viewpoint. At the same

time, scrubber discharge water is not a
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standard water to analyse in analytical lab,
and as long as the NO2+NO3 concentra-
tions is not extreme there is no reason to
question them; you will only note it if you
run experiments with primary producers.
Therefore, we chose to still mention the Eu-
trophication as a case, without picturing it
as the biggest threat from scrubbers. In e.g.
the Baltic Sea however, the potential con-
tribution to eutrophication from scrubbers
could be of more concern than in non-eu-
trophied environments.

- In chapter 1.2. “Chemical composition” the
differences between OL and CL are discussed. Differences
between OL and CL also exist in load (chapter 1.3) and are
clear from Figure 5. I suggest to shortly discuss this also in
the text.

Added text in italics:

Despite almost all 2000 ships discharging
bilge, black and grey water, the load of
metals and PAHs from the 99 ships
equipped with scrubbers was higher by 10-
100-fold, completely dominated by open loop.

- Chapter 2 ‘Consequences’ gives interest-
ing information on possible effects of metals, PAH, acidi-
fication, synergistic effects, ... However, it is rather gen-
eral. Information to answer the question whether scrubber
discharge will have a negative impact on aquatic ecosys-
tems and under which circumstances is limited (in real en-
vironments, not lab based). I agree that this is a difficult
question and information is limited. However, I suggest to
try to improve the link between the given information on
effects (toxicity, bioaccumulation, pH) and expected
changes caused by scrubbers. Information on expected di-
lution factors and concentration changes might be in-
cluded (e.g. calculated for a harbor in Teuchies et al., 2020).

Added the following paragraph in italics:

Simulations in port environments estimate
high increases in contaminant levels as a result
of scrubber discharge. Simulations of the Port
of Antwerp showed pronounced increases in the
surface water for naphthalene, with an in-
creased concentration of 39% under “scenario
LOW” and 189% under “scenario HHGH” and
vanadium, which increased 9% under “sce-
nario LOW” and 46% under “scenario HIGH”
(Teuchies et al. 2020). The modeling results
from the Scheldt estuary for naphthalene
showed increased concentration of 5.0% with
“scenario LOW” and 25% with “scenario
HIGH”. In both the Port of Antwerp and the
Scheldt estuary, the EQS for surface water ac-
cording to EU WFD are already exceeded with
respect to fluoranthene, further surpassed by
scrubber discharge. Nickel, zinc and vanadium
are all close to the EQS in the Port of Antwerp,
and for nickel and zinc the scrubber discharge
contribution is expected to cause exceedance. In
the Scheldt estuary, the modeled concentration
of pyrene in surface water also exceeds the EQS
according to EU WFD and vanadium is close
to the EQS.

- The effect of washwater on the redox con-
ditions (chapter 2.2.2) is not very clear to me. I agree that
acidification can have an impact the mobility of metals.
But it is not clear to me how this relates to redox reactions
(see comments in the text).

Redox conditions are in general defined at
standard conditions and will change with
altered physico-(geo)chemical conditions
e.g. with altered pH and temperature (e.g.
Grundl et al 2011). To fully explain the re-
dox chemistry is beyond the scope of this

37



38

ICES SCIENTIFIC REPORTS 2:86

document, but we have added new refer-
ences to facilitate further reading for an in-
terested reader.

Re: mobility of metals. Added text in ital-
ics: as a result of increased mobility following
increasing acidity.

- I agree that the current limits set for con-
taminants in washwater are insufficient to protect most re-
ceiving aquatic ecosystems. However, Ibelieve that defin-
ing new limits, organising sampling and having a control
system will be extremely difficult for several reasons. (1)
during sampling we found out that contaminant concen-
trations fluctuated already on one vessel using one type of
fuel. A lot of factors will have an effect on the washwater
concentrations, and it will be very difficult for ships to
know under which conditions they will meet the criteria
and be able to use the scrubber. (2) The impact of discharge
will largely depend on conditions of the receiving water
body. (3) In order to protect receiving aquatic ecosystems,
I believe that the discharge limits (metals, PAHs, ...) will
end up to be lower than concentrations measured in most
scrubber washwater. As long as vessels with scrubbers
will use HFO, contaminant concentrations in washwater
will be elevated.

Hence, I'm not sure a revision of the discharge limits will
be possible, a solution. The ban of scrubbers in certain ar-
eas (e.g. rivers, coasts, estuaries, harbours) might be a first
step. I believe it should be made clear that the use of open
loop scrubbers as an abatement technology will not con-
tribute to mitigation of the impact of high sulfur emissions
(which is the objective of the IMO sulphur guidelines).

Agree regarding increased costs for in-
creased control and monitoring, added text
in italics:

Effective mitigation of scrubber impacts
needs stringent requirements and stand-
ards, monitoring protocols and wide-
spread, effective enforcement, which will
also imply increased costs

No, and it is not proposed that the revision
of discharge limits will solve the issue, but
if scrubbers are to be continued to be used,
then there is an urgent need for alternative
measures as summarized in the Conclu-
sions section.

Lehtoranta, K.; Aakko-Saksa, P.; Murtonen, T.; Vesala, H.;
Ntziachristos, L.; Ronkko, T.; Karjalainen, P.; Kuit-
tinen, N.; Timonen, H., Particulate Mass and Nonvol-
atile Particle Number Emissions from Marine Engines
Using Low-Sulfur Fuels, Natural Gas, or Scrubbers.
Environ. Sci. Technol. 2019, 53, (6), 3315-3322.
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Reviewer # 2

Authors’ responses:

ICES viewpoint on scrubbers — Review

This ICES viewpoint represents a major effort to summa-
rize and evaluate the potential impacts of seawater scrub-
bing in shipping on the marine environment. In addition,
the authors compare alternative mitigation measures in-
cluding existing and future technological and operational
alternatives.

This report is an excellent summary of the current state of
research and comprehensively classifies the potential risks
of scrubber use. It has been carefully researched and writ-
ten in an easily understandable manner. The objectives of
this viewpoint are of high relevance and interest for both,
policy-makers and industry.

Therefore, I have only some minor comments and I would
like to add some further ideas and remarks from to be con-
sidered shortly in the text:

Thank you!

Chapter 1 local use of scrubbers

- Installation of scrubbers on ships: There
were also concerns by shipping companies on the availa-
bility of low sulphur fuel on the market. Limited amounts
would come at increasing costs for them. The installation
of EGCS is also costly but assuming declining costs for
HFO made it attractive as an intermediate solution while
looking for long-term alternatives such as LNG or even
methanol o see outlook zero emission shipping

Agree, but there was an Imo investigation
prior to 2018 to analyse the availability of
fuels prior to the stricter regulations that
were proposed to enter into force 2020. If
the investigation had shown that there
wasn’t enough fuel availability, IMO had a
possibility to postpone the date of entry
into force until 2025.

Chapter 2 Consequences

- An ongoing transdisciplinary project
called ShipTRASE financed by the Belmont forum will an-
alyse the environmental, economic and legal aspects of
ship emission reduction mechanisms such as introducing
ECAs. It will assess the efficiency of current emission con-
trol regulation (or lack thereof) on different levels and
evaluate governance instruments. Regarding biochemical
cycling, it will study the impact of scrubber discharge on
organic compounds in the seawater and the concentration
of climate-actives gases in the surface ocean. For further
information, please contact Christa Marandino, GEOMAR
or Anna Rutgersson from Uppsala University.

Thank you for the information. As dis-
cussed at the ADG it is however impossible
to include this information as it is not yet
published. But we look forward to follow
the development of this exciting research!

Chapter 3.3 Regulations, monitoring and enforcement

- Legal regulation on different levels, i.e.
IMO, EU, individual states, can address vessel-based air
pollution by different means of standard-setting. Revised
or new legal standards can concern types of fuels, use of
mitigation technology during vessel operation, port-recep-
tion facilities for waste disposal, and ship-building. A
close collaboration between science, industry and deci-

Agree.
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sion-makers is necessary to achieve acceptable and sus-
tainable solutions that will be implemented and can be
monitored. Since technology develops fast, legal regula-
tion need to be flexible to be adapted to upcoming tech-
nical options.

Chapter 4 Conclusion

- The MEPC agreed to define a Baltic Sea
Special Area prohibiting liquid discharge from new (since
June 2019) and existing (from June 2021) passenger ships
to the sea. So far, scrubber discharge is not included (cor-
rect me if I am wrong) but should be considered as “sew-
age” and consequently prohibited in the Baltic Sea in the
future.

This was a constructive thought, but
maybe difficult to propose as sewage is al-
ready defined rather well and the scrubber
issue is already handled under Annex VL.

- Outlook future zero emission shipping
(IMO GHG Strategy 2050): In April 2018, MEPC adopted a
strategy on the reduction of greenhouse gas emissions
from ships. The aim is to reduce the total annual GHG
emissions in global shipping by at least 50% by 2050 com-
pared to 2008. Therefore, in the next 25 years, the majority
of shipping companies are expecting to replace present
fuel oils by cleaner alternatives, such as liquified natural
gas (LNG) or methanol and in certain cases also electric
propulsion. The consequences of alternative fuel use need
to be investigated in advance to avoid side effects, such as
those potentially introduced by the use of scrubbers.

Agree.

Minor comments:

Use pg*L-1 instead of pg/L, same for mg/L

Changed.

ICES



	1 Global use of scrubbers on ships and contaminants within scrubber discharge water
	1.1 Scrubber operation and production rates of discharge water volumes
	1.2 Chemical composition of scrubber discharge water
	1.2.1 Metals
	1.2.2 Organic substances
	1.2.3 pH and alkalinity
	1.2.4 Nutrients

	1.3 Estimates of scrubber contaminant loads to the environment

	2 Consequences and impacts of scrubber discharge water
	2.1 Contamination
	2.1.1 Scrubber discharge water is toxic to marine biota
	2.1.2 Bioaccumulation of contaminants from scrubber discharge water
	2.1.3 Effects of PAHs and heavy metals on fish and mammals

	2.2 Acidification
	2.2.1 Modeled pH decrease from scrubbers
	2.2.2 Potential effects on redox conditions and port sediment

	2.3 Eutrophication

	3 Available mitigation measures and their environmental consequences
	3.1 Avoidance of scrubber water discharge
	3.2 Investment in technological advances
	3.3 Regulations, monitoring and enforcement
	3.3.1 Enforcement of scrubber water discharge limits
	3.3.2 Revised discharge limits
	3.3.2.1 Metal pollutants not included in the EGCS guidelines
	3.3.2.2 PAH discharge concentration limit in the EGCS guidelines
	3.3.2.3 Re-evaluate NOX limits
	3.3.2.4 pH and comparison with ambient water

	3.3.3 Need for transparent, well-defined sampling and reporting protocols


	4 Conclusion
	References
	Annex 1: Technical minutes from the Scrubbers  Review Group



