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Learning objectives of this course are to get familiarize with:  

• Annex VI of the International Convention for the Prevention of Marine 

Pollution from Ships (MARPOL, 2017), 

• The “open loop” or “closed loop” systems, in order to meet the IMO sulphur 

exhaust limits, 

• the wastewater measurement system (WWMS), 

• environmental impacts of ship emissions on the atmosphere, marine 

biogeochemistry, and human health. 

International shipping has a significant effect on air quality, with a contribution to 

global emissions of more than 20 % for nitrogen oxides (NOx), around 10% for sulphur oxides 

(SOx) and almost 8 % for particulate matter (PM) (fig. 1). This has several environmental 

consequences, such as ocean acidification and disturbance of climate regulation, and also 

impacts human health in coastal regions through deteriorated air quality. To mitigate these 

effects, the International Maritime Organization (IMO) has included annex VI (Prevention of 

Air Pollution) to the International Convention for the Prevention of Pollution from Ships 

(MARPOL). This has resulted in a global cap on sulphur in fuel oil of 3.5% (mass percentage) 

from 2012 and a maximum sulphur content of 0.1% in dedicated SOx Emission Control Areas 

(SECA’s) from 2015 onwards. A new stringent global limit on fuel sulphur content of 0.5 % 

came into force in January 2020. 

The International Maritime Organization (IMO) has set limits on sulphur content in 

fuels for marine transport. However, vessels continue to use these residual high-sulphur fuels 

in combination with exhaust gas cleaning systems (EGCS or scrubbers). Next to high sulphur, 

combustion of these fuels also results in higher emissions of contaminants including metals 

and PAHs. In scrubbers, exhaust gases are sprayed with water in order to remove SOx, resulting 

in acidic wash water with elevated contaminant concentrations discharged in the aquatic 

ecosystem. 

 

 

Fig. 1 Sources of air pollution from ship 



 

To conform, ships can use compliant low sulphur fuel oil or alternative fuels which are 

low in sulphur, such as liquefied natural gas (LNG) or methanol. The IMO sulphur limits only 

apply to atmospheric emissions. Consequently, it is allowed to continue to use high-sulphur 

fuels in combination with an exhaust gas cleaning system (EGCS or scrubber). In scrubbers, 

the exhaust gases of vessels are sprayed with liquid in order to remove the SOx before it will 

be emitted to the air. Scrubbers are capable of removing up to 95% of the SOx in the exhaust 

gases and meet the IMO sulphur exhaust limits. Most scrubbers installed on vessels are wet 

scrubbers and use ‘open loop’ or ‘closed loop’ systems. Open-loop systems, also referred to as 

seawater scrubbing technology, dominate the market. In these systems, the exhaust gases are 

sprayed with seawater at a high flow rate, and the SOx in the exhaust gas is trapped and 

converted to sulphurous acid (SO3
2−) and sulphuric acid (SO4 

2−) (see reactions below). 

S + O2 = SO2 ( sulphur dioxide) 

SO2 + (½)O2 = SO3 (sulphur trioxide) 

SO3 + H2O = H2SO4 (sulphuric acid) 

The wash water generated in the scrubber is discharged in the surrounding surface water 

at a typical flow rate of 200–500 L s−1 for a vessel operating at 15 MW. Alternatively, closed 

loop systems use freshwater as the scrubbing medium, which is pre-treated with sodium 

hydroxide (NaOH).  

2NaOH + SO2 → Na2SO3 (Sodium Sulphite) + H2O  

Na2SO3+ SO2+ H2O → 2NaHSO3 (Sodium Hydrogen Sulphite)  

This wash water recirculates in the scrubbing system. The scrubbing capacity is 

maintained by dosing extra NaOH and periodically discharging smaller volumes of wash water, 

typically 0.5–3 L/ s on average for a vessel operating at 15 MW. Also ‘hybrid systems’ exist, 

whereby vessels can shift the scrubber operation between open- or closed-loop mode. One of 

the disadvantages of this procedure is it requires storage space (buffer tank) to hold wastewater 

until it can be discharged 

In dry scrubbers, water is not used as a scrubbing material, instead, for remove sulphur 

are used granulates of calcium hydroxide. 

The scrubbers are at a high temperature than their wet counterparts and this has a benefit 

that the scrubber burns off any soot and oily residues in the system. The calcium present in 

calcium hydrate pellets reacts with the sulphur dioxide in the exhaust gas to form calcium 

sulphite (see reactions below). 

SO2 + Ca(OH)2 → CaSO3 + H2O (Calcium Sulphite) 

CaSO3 + (½)O2→ CaSO4 (Calcium Sulphate) 

SO3 + Ca(OH)2 → CaSO4 + H2O (Gypsum, calcium sulphate dihydrate) 

Calcium sulphite is then air-oxidized to form calcium sulphate dehydrate, which with 

water forms gypsum, known as calcium sulphate dihydrate. The used pellets are stored on 

board for discharge at ports, however, they are not considered a waste as the gypsum formed 

can be used as a fertiliser and as construction material. 

The main disadvantage of this procedure is the reactants used are costly, especially urea 

for NOx reduction and calcium hydroxide for SOx attenuation. 



Given the fairly recent changes in the IMO sulphur regulations, the number of vessels 

equipped with scrubbers is still limited but changing rapidly. According to Clarksons World 

Fleet Register, consulted in November 2019, nearly 3000 scrubbers have already been installed, 

which corresponds to 3 % of the total number of vessels and 16 % of the gross tonnage. This 

implies that mainly large vessels invest in a scrubber. Additionally, 15 % in numbers or 35 % 

in gross tonnage of all vessels ordered at this moment (November 2019) will have a scrubber 

installed. From an economical perspective, scrubbers are an attractive option, particularly for 

larger vessels. In order to comply, the choice between using the more expensive low-sulphur 

fuels or the installation of a scrubber depends largely on the price difference between both, 

low-sulphur fuels and common heavy fuels. Depending on the conditions, the scrubber 

installation costs are found to be recouped within the span of 1–2 years. The number of 

scrubbers is predicted to continue to increase after the implementation of the more restrictive 

global sulphur cap in 2020. The use of scrubber’s results in a shift of the environmental impact 

of sulphur from emissions to the atmosphere towards a direct discharge into aquatic systems. 

Further, the high-sulphur fuels used by vessels with scrubbers are generally heavy fuel 

oils (HFO), which are residual fuels incurred during the distillation of crude oil. Together with 

high sulphur emissions, these fuels are known to result in higher emissions of other hazardous 

species including metals (zinc, chrome, vanadium, copper, nickel, aluminium etc) and 

polycyclic aromatic hydrocarbons (PAHs) such as: phenanthrene, naphthalene, fluorene and 

fluoranthene compared to low-sulphur distillates such as marine gas oil (MGO). These 

contaminants originate from higher concentrations of metals and PAHs in the fuel and larger 

emissions during combustion of this residual fuel. Several studies report that scrubbers reduce 

the atmospheric emissions of SOx or PM to a level that is comparable to emissions when 

operating on MGO. However, PM emissions and removal by scrubbers depend on many factors 

and lower removal efficiencies from scrubbers resulting in higher emissions of particles 

including black carbon and PAHs compared to vessels operating on MGO have been reported. 

Moreover, scrubbers are an end-of-pipe solution, and a substantial part of the emitted 

compounds will be trapped in the scrubber wash water and discharged in the surrounding 

surface water with potential consequences for aquatic ecosystems. Existing studies are limited, 

mainly focus on open marine systems and conclude that the overall impact of scrubber use on 

pH changes and contaminant concentrations is expected to be small under most conditions. On 

the other hand, many studies showed that the long-term accumulation of contaminants caused 

by scrubber discharge can be of concern in smaller water bodies where ships are numerous, 

such as estuaries or harbours. 

Data on wash water contaminant concentration are scarce, and rarely published.  

While the IMO regulatory framework primarily focuses on atmospheric emissions, also 

the discharge of wash water is regulated to a certain extent. Wash water discharge guidelines 

are set for pH (min. of 6.5, measured at 4 m from the overboard discharge point), for PAHs 

(max. 50 μg/ L Phenathrene Equivalence units (PAH Phe equivalent) at a flow rate of 45 m3 

MWh−1) and turbidity (max. 25 NTU (nephelometric turbidity units) above the inlet water 

turbidity) (IMO, Resolution MEPC.184(59) and MEPC.259(68)). 

Therefore, the wastewater measurement system (WWMS) monitors the quality of the 

wash water through 5 parameters: 

1. pH: 3.5 is the lowest value of pH acceptable of the discharge wash water. Wash down 

effect is higher with the increase in alkalinity of the seawater. 

2. PAH (Polycyclic Aromatic Hydrocarbons) content: 42 µg/L Phenathrene 

Equivalence units PAHphe is the maximum value acceptable. The PAH value is 



allowed to be maximum for a 15-minute period in 12 hours in a continuous monitoring 

system. 

3. Turbidity: represents the tendency of water to lose its transparency and gives a brief 

idea on the condition of the water. It works on the principle of light scattered light. This 

could be affected by the water being muddy in river passages. The maximum acceptable 

value is 25 FNU (Formazin Nephelometric Units) and is a difference between the inlet 

and the outlet wash water.  

4. Temperature: there is no specific limit to measure the wash water temperature, but it 

is very important parameter indicates the quality of the exhaust gas which is related to 

the condition of the engines. 

5. Nitrates are formed after the oxides of nitrogen react with wash water and hence are 

discharged overboard. Not more than 12 % of the NOx in the exhaust converted to 

nitrate is allowed in the discharged wash water. The analyses are generally carried out 

in accredited shore laboratories. Though on-board tests could be carried out for 

compliance.  

 

Legislation 

In order to reduce sulfur emissions from shipping, limits were included in international 

regulations adopted by the International Maritime Organization (IMO)1, such as Annex VI of 

the International Convention for the Prevention of Marine Pollution from Ships (MARPOL, 

2017) and the European Union’s Sulphur Directive (EU, 2016). International law treats the 

atmosphere and the ocean very differently, although they are tightly linked via chemical, 

physical, and biological processes. Emissions of gases and particulates to the atmosphere affect 

the surface ocean directly and indirectly through deposition and dissolution of gases, as well 

as via radiative forcing effects on the climate. Similarly, discharge of pollutants and 

contaminants to the ocean may reach the atmosphere by outgassing and aerosol production  

The International Maritime Organization (IMO) serves as the central international 

forum for the negotiation of shipping related issues and the adoption of international legally 

binding rules and standards for states and the shipping industry. The 1973/1978/1997 

International Convention for the Prevention of Marine Pollution from Ships (MARPOL) is one 

of the most important sources of environmental regulation of the shipping industry. The IMO’s 

Marine Environment Protection Committee (MEPC), the main committee for addressing 

environmental issues falling under the IMO’s mandate including vessel source pollution, is 

responsible for the adoption and ongoing actualization of the Convention’s technical annexes, 

which address different categories of pollutants: oil and oily water (Annex I), noxious liquid 

substances in bulk (Annex II), harmful substances in packaged form (Annex III), sewage 

(Annex IV), garbage (Annex V), and air pollution (Annex VI). 

MARPOL Annex VI and the Regulation of Air Pollution from Ships 

Annex VI of MARPOL was adopted through a Protocol of 1997, which finally entered 

into force on 19 May 2005. As of 8 November 2017, 88 contracting states have ratified the 

Annex VI Protocol—totalling 96 % of the gross tonnage of the world’s combined merchant 

fleet (IMO). Annex VI tries on to limit the emissions of the main air pollutants contained in 

ships’ exhaust gas, including SOx, NOx, and PM, and forbids deliberate emissions of ozone-

depleting substances, and regulates shipboard incineration as well as the emissions of VOC 

from tankers. 

In October 2008, the MEPC adopted the revised MARPOL Annex VI and the 

associated NOx Technical Code 2008 (Resolution MEPC 176). This included a reduction of 



the global sulphur cap from 3.50 % to 0.50 %. After assessing the fuel availability to meet the 

0.50 % standard, the MEPC endorsed this sulphur cap on fuels from 1 January 2020 at its 70th 

session on 28 October 2016 (Resolution MEPC 280). 

MARPOL Annex VI also introduced emission control areas (ECAs), initially focused 

on sulphur emissions only and called SECAs (sulphur emission control areas), which aim to 

reduce emissions of air pollutants in designated sea areas. ECAs are areas where the adoption 

of special mandatory measures for ships is required to prevent, reduce, and control air pollution. 

They are not limited to SOx but can also deal with PM and NOx (MARPOL, 2017). Five 

sulphur emissions control areas with tighter emissions controls were designated including the 

Baltic Sea, the North Sea, the North American area, including most of US and Canadian coast, 

and the US Caribbean Sea area. In the ECAs, the sulphur content of fuel oil used by ships has 

been limited to less than 0.10% since 2015. Both American ECAs are also NOx emission 

control areas (NECA). The North Sea and the Baltic Sea will become NOx control areas 

beginning on 1 January 2021 (MARPOL, 2017). Furthermore, several other areas have been 

designated in national or regional legislation in which particular sulphur limits in fuel oil apply, 

such as in EU ports outside ECAs (0.10 %), the Shenzhen Port Area, Hong Kong harbour, ports 

in the Yangtze River Delta, the Pearl River Delta, and the Bohai Sea (0.50 %). Reductions in 

sulphur emissions of this magnitude are expected to be beneficial for human health by reducing 

premature mortality rate in coastal regions by up to 50 %.  

With respect to the control of greenhouse gas emissions, a 2011 amendment of Annex 

VI was endorsed, which introduced two new mandatory energy efficiency measures known as 

the Energy Efficiency Design Index (EEDI) for new ships and the Ship Energy Efficiency 

Management Plan (SEEMP) for existing ships. The EEDI requires a minimum energy 

efficiency level per capacity mile (e.g., ton mile) for different ship type and size segments. It 

is a non-prescriptive, performance-based mechanism that leaves the choice of technologies to 

use in a specific ship design to the industry such as novel machinery technologies, lowering 

speed, voyage optimization tools or propulsion, and hull improvements. Although these 

regulations are commendable, it remains to be seen whether these regulations will contribute 

substantially to global greenhouse gases reductions. 

 

Environmental impacts of ship emissions on the atmosphere, marine 

biogeochemistry, and human health 

On a global scale, oceanic uptake of anthropogenic CO2 emissions has already caused 

a pH decrease of 0.1 compared to the pre-industrial era. A further decrease of 0.3 is expected 

by the end of this century. The effects of ocean acidification may be more significant in coastal 

regions than the open ocean, as such regions are already subject to an array of anthropogenic 

stressors, including eutrophication, pollution, and overfishing. Furthermore, the acidification 

process is enhanced by the deposition of anthropogenic SOx and NOx, some of which is 

derived from ship stack emissions. This additional acid burden from shipping may also be 

significant in the open ocean. It has been estimated that emissions of SOx and NOx in the 

heavily trafficked waters of the open ocean could lead to significant regional pH reductions of 

the same order of magnitude as anthropogenic CO2-driven acidification. This is particularly the 

case if the effects of acidic scrubber wash water are also included. Strong acid deposition can 

also affect the ability of the oceans to take up CO2: a modelling study in the Baltic Sea indicates 

that each mole of strong acid deposited results in a 0.8 mole reduction in CO2 uptake (see fig. 

2). 



The heavy burden of combustion-associated gases and particles (PM, SOx, NOx, and 

CO) in densely populated coastal areas, particularly those located near busy harbours, is of 

concern due to the potential negative health effects, especially those associated with human 

exposure to PM. Ambient levels of small particulate matter (PM2.5, the mass of particles with 

an aerodynamic diameter less than 2.5 μm) have been linked to a variety of health effects 

including asthma and heart attacks, and increases in PM2.5 are closely associated with 

premature mortalities relating to heart disease and lung cancer. Predictions from air-quality 

models suggest that ship-derived PM may contribute to tens of thousands of cases of premature 

mortality near coastlines every year. 

In addition to decreasing pH in the marine environment, combustion and scrubber 

residues may also lead to increases in temperature and turbidity, as well as the introduction of 

further pollutants, such as heavy metals, black carbon, PAHs, and other organic compounds. 

As these compounds may have long lifetimes in seawater, their potential long-term 

accumulation needs to be considered. 

There are not many studies regarding the impact of scrubber wash water discharge on 

marine microorganisms and biogeochemical processes involved. Koski et al. (2017) reported 

in their study the increased adult zooplankton mortality and reduced feeding probably due to 

the synergistic effects of heavy metals and other constituents in the scrubber wash water. 

However, there are plenty of studies on the effects of some of the scrubber constituents (e.g., 

metals and PAH) on marine life and marine organisms. 

While some trace metals are essential cofactors in enzymatic processes, all metals are 

toxic for marine life at elevated concentrations. In combination with lowered pH, as found in 

scrubber wash water, the solubility of metals in seawater, the mobilization of metals from 

particles, and consequently the toxicity of metals increase. Trace metals accumulate in cells 

and animal tissue and are transmitted through the trophic webs to higher biotic levels. Bivalves 

such as Mytilus sp. are successfully used as indicator organisms in environmental monitoring 

programs to track marine metal pollution. 

Moreover, PAH were found to be harmful to marine microbial food webs and human 

health. The International Agency for Research on Cancer identified 17 PAHs as a threat to 

human health, some even as carcinogenic. PAH addition in perturbation studies resulted in 

reduced phytoplankton growth rates, particularly on growth of picophytoplankton such as the 

widespread Prochlorococcus sp. and Synechococcus sp., and zooplankton grazing rates. 

High-molecular-weight PAH absorb to phytoplankton cells and marine particles or 

even are enter cells. PAH are transported through the food web and exported to marine 

sediments. Sediment dwelling and filter-feeding organisms (e.g., bivalve), but also shellfish 

and fish may accumulate PAH and, in that way, entering human food. PAH are moderately 

persistent in the environment and moderate to high toxicity to aquatic life. 

 

 



 

Fig. 2 Effects of ship emissions on the atmosphere and marine biogeochemistry (adapted 

from Endres et al., 2018) 
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