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Abbreviations 

 

AVC – Advanced Vortex Chamber 

BC – Black Carbon 

BDC – Bottom Dead Center 

CDPF – Catalytic Diesel Particulate Filter 

DOC – Diesel Oxidation Catalyst (OXI) 

DPF – Diesel Particulate Filter 

ECA – Emission Control Areas 

EPA – Environmental Protection Agency 

EGB – Exhaust Gas Boiler 

EGR – Exhaust Gas Recirculation 

EEDI – Energy Efficiency Design Index 

HC – Hydro Carbons 

HAM – Humid Air Motor 

HFO – Heavy Fuel Oil 

IMO – International Maritime Organization 

MGO – Marine Gas Oil 

MEPC – Marine Environmental Protection Committee 

NOx – Nitrogen Oxides 

PAH – Poly Aromatic Hydro Carbons 

PM – Particulate Matter 

OXI – Oxidation Catalyst 

SOx – Sulphur Oxides 

SCR – Selective Catalytic Reduction 

TDC – Top Dead Center 

ULF – Ultra Low Frequency waves 

ULSF – Ultra Low Sulphur Fuels 

VOC – Volatile Organic Compounds 
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Executive summary 

The purpose of WP3 was to identify and evaluate existing methods as well as those 

under development for emission reduction, especially with regards to NOx, SOx, CO, 

VOC (Volatile Organic Compounds) and PM (Particulate Matter). 

Possible interactions between the different methods are observed and areas for future 

development are identified and described. 

NOx abatement 

In the diesel process, NOx is formed during peak temperatures in the combustion 

chamber. Primary NOx reduction refers to methods that reduce the formation of NOx 

while secondary methods refer to after-treatment of the exhaust gas. 

Internal engine modifications lower the peak temperature by altering injection and 

valve timing which results in NOx reduction up to 25% but yields loss of fuel 

efficiency and increased PM emissions. 

Water methods add water to the combustion process, resulting in increased heat 

absorption, which lowers the combustion temperature. Various methods are possible 

such as direct water injection, scavenge air humidification and water-fuel 

emulsification. Water methods can reduce NOx by up to 50% but have a fuel penalty, 

increased PM emissions and may cause corrosion related wear. 

EGR (Exhaust Gas Re-circulation) works on the principle of using exhaust gases to 

dilute the oxygen concentration in the scavenge air. This leads to a slower combustion 

and therefore reduction of NOx emissions. EGR technology may achieve reductions 

up to 70% but in combination with sulphur fuels it requires an internal scrubber 

system. 

SCR (Selective Catalytic Reduction) is a catalytic exhaust gas after-treatment system. 

Urea solution is injected into the exhaust gas upstream of a catalyst. NOx is then 

transformed into nitrogen and water and reduction rates above 95% are possible. No 

engine modification or fuel penalty is involved. 

The power consumption of an SCR system is typically less than 0.1% of the installed 

power, and the urea consumption is about 1.5 litres per kg NOx reduced, typically 5% 

of the fuel consumption. 

SOx abatement 

Wet scrubbers use scrubbing liquid which is introduced into the exhaust stream to 

“wash” the SOx out of the gas. In wet scrubbers the exhausts are cooled, and the 

preferable position is downstream of any SCR and/or EGB (Exhaust Gas Boiler). 

Open loop scrubbers use sea water, which contains CaCO3 (calcium carbonate) that 

forms CaSO4 (gypsum) with the SOx in the exhaust. The used water is then diluted 

with sea water to an acceptable pH level before discharge to the sea. Combustion 

residues are separated from the wash water in a separator and drained to the ship’s 

sludge tank (<1kg/MWh). Approximate sea water flow through an open loop scrubber is 

50 m3/MWh for 3.5% S Fuel. Power consumption is typically 2% of the installed 

power. 

Closed loop scrubbers re-circulate the wash water and use fresh water boosted with 

NaOH (Caustic soda) for SOx absorption. Only a small bleed-off flow is extracted 

(<0.5%) and discharged to sea through a water treatment plant. For short term 
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operation, the bleed-off can be stored in a holding tank for later disposal. Power 

consumption is typically 1% of the installed power. 

Hybrid wet scrubbers can use either open or closed loop cycle. 

Dry scrubbers use a dry adsorbing media instead of liquid. The SOx molecules 

adsorb onto solid granules consisting of CaOH (limestone) which is introduced to the 

exhaust gas in a dry stack. The reacted granules are then stored onboard for onshore 

disposal. The weight factor between reacted and fresh granules is approximately 1,2. 

The power consumption is typically 0.1% of the installed power. The operational 

temperature is 240-440°C and the preferable position is upstream of any EGB. 

VOC and CO abatement 

There are currently no rules for VOC or CO emissions from marine combustion 

engines. CO and VOC emissions may be reduced up to 90% with SCR combined with 

OXI (oxidation catalyst). 

PM abatement 

PM reduction is currently not required by IMO rules, but considering EPA rules for 

the North American ECA, future regulations are likely. PM removal of between 60-

80% is claimed by the manufacturers of wet and dry scrubbers, 50% PM reduction has 

been observed for SCR combined with OXI. When ultra low sulphur fuels are used, 

CDPF (Catalytic Diesel Particulate Filter) combined with OXI can remove over 90% 

of PM. 

Areas for further development 

Marine wet and dry scrubbers exist on the market but there are only a few pilot 

installations. More experience is required to reach a “proven maritime design” stage. 

Tests using closed loop scrubbers confirm that the effluent can be discharged in 

restricted waters according to the discharge water criteria within IMO MEPC 184(59). 

Rules for water discharge within ECA (Emission Control Areas) are still unclear, 

since there is a possibility that port and flag states will impose stricter regulations. 
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1 Introduction 

1.1 Background 

The diesel engine has high thermal efficiency and is the most fuel tolerant internal 

combustion engine on the market. However, concerns have been expressed about its 

high emissions of NOx and PM (Particulate Matter). With coming Tier III regulations 

along with limit of sulphur content in fuel to cut down SOx emissions, the diesel 

engine needs to be improved to survive the environmental demands. There are already 

several well proven technologies available in the market for NOx, SOx and PM 

reduction. 

This work package WP3 gives a review of the exhaust emission types, regulations and 

available abatement technologies. In addition to emissions from diesel engines, 

emissions related to selected alternative fuels from work package WP2 are also 

discussed. 

 

1.2 Exhaust gas emissions 

1.2.1 NOx – Nitrogen Oxides 

NOx is a generic term for mono-nitrogen oxides, of which NO and NO2 are of 

particular interest. These are commonly formed by reaction between nitrogen and 

oxygen at high temperatures in the combustion engine. NO2 can be seen as the brown 

haze dome above, or plume downwind, the engine exhaust pipes. 

NOx reacts with moisture in the atmosphere to form nitric acid vapour and related 

particles. Inhalation of such particles causes respiratory diseases. NOx reacts with 

VOC (volatile organic compounds) in the presence of sunlight to form ground level 

Ozone [1]. NOx reacts with common organic chemicals to form a wide variety of 

toxic products: Nitroarenes, Nitroamines and also the Nitrate Radicals, some of which 

may cause biological mutations [2]. Selective Catalytic Reduction (SCR) and other 

proven systems for NOx abatement are presented further in the report. 

 

1.2.2 SOx – Sulphur Oxides 

Sulphur Oxides refers to molecules such as SO, SO2 and SO3. SOx and especially SO2 

is generated from combustion of fuels containing Sulphur. SOx is an air pollutant and 

impacts human health as well as animal and plant life [1]. Inhaling sulphur dioxide 

may cause respiratory disease and premature death. 

Further oxidation of SO2 forms SO3 which will condensate in the atmosphere and 

form H2SO4 (Sulphuric acid) and thus acid rain. Ferrous metals such as steel exposed 

to H2SO4 are rapidly corroded. SOx emissions are also a precursor to particulates in 

the atmosphere. SOx can be removed from the exhaust gases using scrubbers. 

  

http://acid/
http://acid/
http://acid/
http://compounds/
http://compounds/
http://compounds/
http://compounds/
http://compounds/
http://ozone/
http://nitrosamines/
http://nitrosamines/
http://mutations/


EFFSHIP, WP3 - Exhaust Gas Cleaning, 2013 
8 

1.2.3 CO2 – Carbon Dioxide 

Carbon dioxide is an odourless, colourless and non-toxic gas emitted from 

combustion of organic compounds and has in recent time become well known for its 

GHG (green house gas) properties. To minimize CO2 emissions, fuel efficiency and 

renewable fuels has an important role, no feasible after treatment methods for onboard 

CO2 are yet available. 

 

1.2.4 CO – Carbon Monoxide 

Carbon monoxide is an odourless and colourless gas which is toxic for humans when 

inhaled. Common symptoms of carbon monoxide poisoning are headache, nausea, 

vomiting and a feeling of weakness; it reacts with the haemoglobin in blood and 

prevents it from delivering oxygen to bodily tissues [1]. 

When let out in the air, some CO turns into O3 (ozone) and CO2, especially in 

presence of NOx which acts as a catalyst. Carbon monoxide is formed by incomplete 

combustion as well as from oxidized VOC and soot. An OXI (oxidation catalyst) may 

effectively reduce the CO emissions, and can be incorporated within the SCR 

converter [3]. 

 

1.2.5 HC – Hydrocarbons 

Hydrocarbons are organic compounds consisting entirely of hydrogen and carbon, 

such as Methane CH4 or Hexene C6H12. Most hydrocarbon emissions are fragments of 

incompletely burned fuel molecules. More extensive information on hydrocarbons is 

found in the below sections on VOC, CH4, BC, PAH and PM. 

 

1.2.6 VOC – Volatile Organic Compounds 

VOC results from unburned fuel and lubrication oil and includes CH4 (methane) and 

various hydrocarbons, especially the carcinogenic PAH (poly-aromatic hydrocarbons) 

[3]. VOC are significant greenhouse gases via their role in creating ozone, O3 [1]. 

Other examples of VOC are the aromatic compounds benzene, toluene and Xylene 

which are suspected carcinogens and may lead to leukaemia through prolonged 

exposure. VOC's can be reduced with SCR and/or OXI catalysts [3]. 

 

1.2.7 CH4 – Methane 

Methane emissions (sometimes called methane slip) may result from incomplete 

combustion in natural gas fuelled engines. Methane is a strong GHG (green house 

gas) with more than 20 times higher global warming potential than CO2 [4]. This 

makes a methane slip of 0,25% comparable with a 5% CO2 emission. To retain the 

GHG benefits from use of alternative fuels, methane slip must be controlled. In the 

presence of NOx and O2, some CH4 can oxidize to CO and form O3 and CO2 [4] [5]. 

One must consider the high flammability of CH4 when in high concentrations and 

mixed with air. 

 

http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Carbon
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1.2.8 BC – Black Carbon 

BC can be defined as “light absorbing components”. Synonymous designations are 

“Soot” and “LAC” (light absorbing carbonaceous compounds). There are discussions 

within IMO regarding restricting marine BC emissions. The warming contribution of 

particles in the atmosphere and the increased deposits on ice and snow is expected to 

cause accelerated melting. There is no other feasible way to reduce BC than with 

catalytic particulate filters (only for non sulphur fuels) or with scrubbers (for fuels). 

However the high combustion efficiency of large diesel engines results in comparable 

low BC formation when operating at steady conditions but large BC formation during 

load swings [5]. 

 

1.2.9 PAH – Poly Aromatic Hydrocarbons 

PAH are among the widest spread organic pollutants and can be caused by incomplete 

combustion. All carbon fuels are potential causes of PAH pollutants when combusted. 

PAHs property of forming long polymer chains make them heavier and less volatile, 

the longer the carbon chain, the less volatile they become. These pollutants vary from 

being completely harmless for people to being extremely toxics. Existing regulations 

for discharging PAHs into the sea [6], are of importance in scrubber design, e.g. when 

considering bleed off water from wet scrubbers. 

 

1.2.10  PM – Particulate Matter 

PM (or particulates) makes up for a large part of what we call “soot” (see also BC). 

The particulates are referred to as suspended particles in air and water pollution. 

These are classified by size of the particles and also referred to as fractions. 

 

Table 1 – Size ranges of PM fractions. 

Fraction Size range 

PM2.5-PM10 (coarse fraction) 2.5 μm – 10 μm  

PM2.5 (respiration fraction) <=2.5 μm 

PM1 (sub-micron fraction) <=1 μm 

PM0.1 (Ultra-fine, UFP or UP) <=0.1 μm 

 

Human body can cope with various particles based on the size of the particles. 

PM10.0 and PM5.0 can be taken care of by human body as a natural process in the 

nose and in the respiratory system. Particles of sizes PM2.5 or less are small enough 

to reach the internal parts of the lungs and can react with the haemoglobin in the 

blood during the oxygen exchange. This may result in cancer [1]. 
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1.3 Marine air emissions regulations 

In 1997, IMO made amendments to MARPOL Convention through MEPC (Marine 

Environmental Protection Committee) by including Annex VI [7] which defines the 

limitations of NOx and SOx emissions from marine vessels. These amendments were 

made for implementing and improving the marine environment stepwise (Tier I-III). 

These regulations are divided into two parts based on their implementation 

geographically. 

- Emission Control Area (ECA) regulation 

- Global regulations 

 
Table 2: Designated ECA areas according to IMO. 

Baltic Sea (SOx) 2006 

North Sea (SOx) 2007 

North American  

(SOx, NOx and PM) 
 2012 

United States & Caribbean Sea ECA  

(SOx, NOx and PM) 
2014 

 

1.3.1 NOx regulations 

IMO NOx emission regulations are defined in Regulation 13 of Annex VI [7]. The 

rules comprise engines with power outputs of more than 130 kW and are governed by 

the maximum operational speed of the engines. 

 

Table 3: NOx emission limits globally and in ECA areas according to Tier I – III. 

Tier 

NOx Emission Limit, g/kWh 

Valid from Implemented 
n<130 

[rpm] 

130≤n<2000 

[rpm] 

n≥2000 

[rpm] 

I 17.0 45 n
-0.2

 9.8 2000 Global 

II 14.4 44 n
-0.23

  7.7 2011  Global 

III 3.4 9 n
-0.2

 2.0 2016 ECA Only 

 

To achieve maximum rebate on fairway dues in Swedish waters (No fees), NOx 

emissions should be limited to 0.4 g/ kWh (SMA 2005) and similar for Norwegian 

waters [8]. 
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Figure 1: NOx emission limits for IMO TierI-III and SMA. 

 

1.3.2 SOx regulations 

SOx emission regulations are defined in Regulation 14 and are applicable to all main 

and auxiliary engines together with items such as boilers and inert gas generators. The 

regulation restricts the fuel oil sulphur limits, or emissions to an equivalent level. 

 

Table 4: MARPOL Annex VI Fuel Sulphur Limits. 

Within ECA Global 

Year Fuel Sulphur Year Fuel Sulphur 

2005 1.5% 2004 4.5% 

2010 1.0% 2012 3.5% 

2015 0.1% 2020 0.5% 
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1.3.3 PM and HC regulations 

IMO states no regulations regarding PM or HC emissions, however the US EPA 

(Environmental Protection Agency) has established national rules for North American 

& Caribbean ECA. EPA Tier 3 is taken into effect in 2012 and Tier 4 in 2015 (Not to 

be confused with IMO Tier II-III). Emission standards and necessary definitions can 

be found in EPA Code of Federal Regulations [9]. As an example the Tier 4 

regulations for category 1 & 2 engines over 600kW is seen in Table 5. 

 
Table 5: Tier 4 standards for category 1&2 engines above 600 kW [9]. 

Maximum engine power 
Model 

year 

PM 

(g/kWh) 

NOX 

(g/kWh) 

HC 

(g/kWh) 

600 ≤ kW < 1400 2017+ 0.04 1.8 0.19 

1400 ≤ kW < 2000 2016+ 0.04 1.8 0.19 

2000 ≤ kW < 3700* 2014+ 0.04 1.8 0.19 

kW ≥ 3700* 2016+ 0.06 1.8 0.1 

* Interim PM standards may apply for model years 2014 and 2015 for engines of certain displacement. 

 

Looking at EPA rules one can expect coming rules even from IMO regulating PM 

emissions. Euro 6 rules for road transports in Europe, Japan and USA, limits PM 

emissions to 0.01 g/kWh from 2013, this should also be considered as heavy road 

transports sometimes are alternatives to shipping. 

 

1.3.4 VOC regulations 

VOC regulations are only applicable to emissions emitted from ships cargoes and not 

from combustion engines. 
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2 NOx reduction methods 

NOx is formed during the combustion process, mainly during peak temperatures at the 

maximum pressure just after TDC (Top Dead Centre). 

 

 

Figure 2: Combustion temperature. 

 

2.1 Primary reduction methods 

Primary reduction methods interfere directly with the combustion process to reduce 

the peak temperature and thereby the NOx emissions from the engine. 

 

 

Figure 3: Combustion temperature after primary NOx reduction measures. 

 

A wide range of primary reduction methods are available but only the most significant 

methods are presented here. 
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2.1.1 Delayed injection 

By delaying the timing of fuel injection, the maximum combustion pressure and then 

the peak temperature decrease, NOx reduction of up to 25% may be achieved. The 

reduced combustion pressure causes a loss off fuel efficiency, which can be 

compensated for by increasing the scavenge air pressure and / or increase of engines 

compression ratio which however will decrease the gain in NOx reduction [10]. 

 

2.1.2 Miller process 

The Miller cycle implies that the inlet air valve is closed before the BDC (bottom 

dead centre). The scavenging air will then expand further during the movement 

towards BDC and the temperature decreases. A NOx reduction of 15-20% can be 

achieved [10]. 

 

2.1.3 DWI - Direct Water Injection 

DWI implies that water is injected directly into the cylinder at preferred position. 

Injecting water results in increased heat absorption due to added mass (fuel + water) 

and increased heat capacity, of which both contributes to reduced combustion 

temperature and a corresponding reduction of NOx formation. The water to fuel (w/f) 

ratio is of great importance to the NOx reduction, a w/f ratio of 50% yields a NOx 

reduction of 50-60% [11], while the fuel penalty at the same time is suggested to be in 

the range of 0-5%. DWI tends to increase PM emissions. 

 

 
Figure 4: Direct water injection [Wärtsilä]. 
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2.1.4 Scavenging air humidification 

Adding water to the scavenging air can also be done by the addition of atomised or 

vaporised water. These two techniques are rather similar, but with one major 

difference concerning the supply of water. The atomised water system requires the use 

of high quality water (evaporated or deionised), while the water vapour system may 

use ordinary sea water hence the evaporation process. The HAM (Humid Air Motor) 

is an evaporation technique. The HAM concept uses waste heat from the engines to 

evaporate sea water, which saturates the combustion inlet air and results in reduced 

NOx formation. The HAM system requires a water vapour to fuel ratio of 3:1 in order 

to achieve maximum NOx reduction up to 70% [12]. 

 

 
Figure 5: HAM Principle. 

 

2.1.5 Water-fuel emulsion 

Dispersing water into the fuel may achieve up to 50% NOx reduction [13], but it may 

also require a re-design of the fuel injection system, and the fuel flow increases with 

water dilution. At high w/f ratio it might also be necessary to compensate for an 

ignition delay. Furthermore, a rule of thumb may give 10% NOx reduction for each 

10% of water added, but it may also cause fuel penalties. 
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2.1.6 EGR technology 

EGR (Exhaust Gas Re-circulation) works on the principle of using exhaust gases to 

dilute the oxygen concentration in the scavenge air. This leads to a slower combustion 

and therefore reduction of NOx emissions. The technology is very well proven and 

widely used in the automation industry for reduction of NOx emissions [14]. If 

operating on sulphur fuels, an internal scrubber is required to prevent engine corrosion 

and wear. Figure 6 shows an EGR installation for a 2-stroke HFO engine with EGR 

scrubber. For non-sulphur fuels the EGR systems becomes less complicated. 

 

 

Figure 6: EGR System layout for a HFO 2-Stroke engine [15]. 
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2.2 After treatment methods 

NOx emission control by after treatment methods has the advantage that the diesel 

engine itself can be fuel optimized without necessarily considering the NOx 

formation. The only proven after treatment method today is SCR (Selective Catalytic 

Reduction) which will be described further below. ULF (Ultra Low Frequency) 

scrubber system also claim to reduce NOx substantially, however up till today not 

verified. The ULF scrubber is briefly described in SOx section. 

 

2.2.1 SCR – Selective Catalytic Reduction 

SCR is a catalytic exhaust treatment system which reduces NOx to N2 and water using 

urea, CO(NH2)2. A small amount of urea/ water solution is injected into the hot 

exhaust gas where it is vaporised and contacted with NOx in a heterogeneous 

catalysis. The NOx is after some reaction steps [16] transformed into Nitrogen and 

water and there are no waste products. 

NOx + Urea + O2 → Nitrogen + Water 

For marine installations, the Vanadium (V2O5/TiO2) catalyst is most commonly used, 

which is the only possible type in conjunction with fuels that contains sulphur [17]. In 

the converter casing catalytic blocks are packed side by side in multiple layers. The 

catalyst blocks have narrow channels thus providing an extremely large contact 

surface and the open area is typically >65% [3]. 

 

  

Figure 7: Catalyst block. 
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2.2.2 SCR typical arrangement 

The injection of urea into the exhaust duct is facilitated by pressurised air in order to 

atomise the urea. Downstream the injection section, static mixers are fitted into the 

exhaust piping. The mixers make sure that the exhaust and the vaporised urea are 

mixed to a homogenous gas flow before entering the SCR Converter. 

 

 

Figure 8: Typical arrangement of SCR system. 

 

SCR converters are equipped with a dust blowing system where air jets from a series 

of fixed lances inside the converter is keeping the catalyst surface clean by periodical 

short air pulses. This prevents soot and ash from deposit on the catalysts. A typical 

SCR arrangement is shown in Figure 8. 
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2.2.3 SCR design 

The SCR Converter system can be designed to meet emission performance within a 

wide range by adjusting the urea injection rate and in addition to the NOx reduction it 

also reduces VOC and PM emissions. For continuous operation the exhaust gas 

temperature should be within 320 - 500°C in order to avoid low temperature fouling 

or overheating. Depending on fuel quality, the SCR system can be operated at lower 

temperatures. For 2-stroke engines the SCR system is often installed before the turbo 

charger, where the temperature is higher. Additional piping from the exhaust manifold 

to the SCR converter and back to the turbine is required. 

 

 

Figure 9: Example for positioning of Pre turbo SCR Converter [3]. 

 

Depending on the operating conditions and fuel oil quality, the performance of the 

catalysts is reduced over time. Normally the SCR system can be operated during 4-8 

years before used catalyst is replaced. The catalyst acts as a 10-20 dB silencer without 

any special considerations. By including an integrated or added silencer section the 

noise reduction can be designed to 35 dB(A) reduction or according to specific 

requirements [3]. 
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Table 6: SCR reduction capacity [3]. 

 Typical Design 

value 

NOx 20-95% 

VOC 50-90% 

PM Up to 50%* 

CO 50-90% (OXI) 

Noise 10-35 dB 

* Combination of SCR and OXI. 

 

Sometimes the SCR converter also includes an OXI (Oxidation catalyst), which 

further oxidises VOC and CO to CO2. An OXI is also useful as an NH3-slip killer for 

NOx reduction rates above 95%. An OXI for marine fuels is based on platinum [17] 

and is sometimes referred to as DOC (Diesel Oxidation Catalyst). 

 

 

Figure 10: Combination of SCR and OXI catalyst. 

 

The consumption of urea solution is proportional to the amount of NOx reduced and 

equal to about 1.5 litres per kg NOx - this is generally within 5% (wt) of the fuel 

consumption depending on the desired NOx reduction as well as the Base Line NOx 

emissions from the engine. Urea is normally delivered as a ready mixed solution with 

40% urea and 60% de-ionised water. The urea solution must be free from additives; 

especially formaldehyde based additives may permanently destroy the catalytic 

elements [3]. 

 

http://en.wikipedia.org/wiki/Platinum
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2.3 Summary NOx reduction methods 

Engine modifications results in NOx reduction less than 25% and yields loss of fuel 

efficiency and increased PM emissions. 

Water methods can reduce up to 50-60% but is also involving fuel penalty, increased 

PM emission and may also cause corrosion related wear. 

EGR technology may achieve reduction up 70% and fulfilling Tier III [15], however 

it is close to the limit of its capacity and EGR in combination with sulphur fuels 

requires an internal scrubber system. 

NOx reduction using SCR can reduce up to 99% and there is no engine modification 

or fuel penalty involved. 

 

Table 7: NOx reduction summary table. 

 
Engine 

modifications 

Water 

methods 
EGR SCR 

NOx 

reduction 
<25% <70% <70% <99% 

Fuel penalty YES YES YES NO 

Required 

consumable 
NO 

Technical/ 

Evap. water 
NaOH* Urea sol. 

PM / soot INCREASE INCREASE - DECREASE 

* NaOH solution for the internal SOx scrubber. 
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2.4 Implementation 

The different engine types used on the Effship vessel MKIII is shown in Table 8, 

where also the required NOx reduction is calculated based on IMO Tier III for ECA 

areas. The NOx baseline levels are based on IMO Tier II, which is a global 

requirement valid for all diesel engines since 2011. Tier II is mainly achieved by 

primary NOx reduction methods only. 

 
Table 8: Different engine alternatives for the Effship MKIII vessel. 

Engine 2-Stroke ME 4-Stroke ME 4-stroke AE 

Fuel HFO Methanol  MGO 

Rated power 20 MW 10 MW 1.6 MW 

Rated speed 115 rpm 600rpm 900 rpm 

NOx baseline level 14.4 g/kWh 3.5 g/kWh* 9.2 g/kWh 

NOx, TierIII ECA 3.4 g/kWh 2.5 g/kWh 2.3 g/kWh 

Required NOx reduction 77% 30% 75% 

*NOx emissions from a diesel engine converted to Methanol (direct injection) were within 3-4 g/kWh at 75% 

engine load according to tests performed at Wärtsilä (2013-02). 

 

To comply with the minimum required NOx reduction, SCR alternatives for the 

different engines are presented in Table 9. Urea consumption is shown for 75% 

engine load for the main, and 50% for the auxiliary engines. For the 2-stroke engine, 

the SCR must be fitted before the Turbo charger, as shown in Figure 9. 

 

Table 9: SCR Converter systems for MKIII. 

Equipment 20 MW SCR 10 MW SCR 1.6 MW SCR 

Position Pre Turbo Upstream boiler/ 

wet scrubber 

Upstream boiler/ 

wet scrubber 

Dimensions Ø3.1x4.5m 2.3x2.3x4.0m 1.0x1.0x2.8m 

Weight 8 ton 6 ton 1.5 ton 

Power consumption 8 kW 3 kW 3 kW 

Urea consumption 240 l/h  

(75% Engine load) 

11 l/h  

(75% Engine load) 

9 l/h  

(50% Engine load) 
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3 SOx reduction methods 

The shore based power industry, which also is a major consumer of heavy fuels, has 

been successful in reducing SOx emissions by “end off the pipe” solutions rather than 

burning low sulphur fuels. The challenge is to adopt this, often voluminous, 

installations to maritime conditions. 

In practice there are currently two different methods available, wet or dry scrubber 

technologies. 

 

3.1 Wet scrubbers 

In wet scrubbers a scrubbing liquid is introduced into the exhaust stream that 

“washes” the gas from SOx, the residuals is then separated from the liquid and stored 

onboard for onshore disposal. Wet scrubbers can be divided into open and closed loop 

systems and as well hybrid systems of these. 

When SOx (mainly SO2) is dissolved in the wash water, the acidity is increased and 

pH lowered. The process of dissolving SOx into the scrubbing liquid is referred to as 

absorption, and involves three major steps. 

1. Contacting the liquid 

2. Diffusion into the liquid & mixing 

3. Reaction with the liquid 

 

Figure 11: Absorption, copyright NC State University [19]. 

 

The droplet size of the scrubbing liquid should be as small as possible to maximize 

the droplet surface area in the mist. 

The scrubber internal design is a key factor in achieving good absorption at a 

reasonable low volume of the scrubber tower. For gas absorption, the wet film (tower 

packed) scrubber as illustrated in Figure 12 are the most commonly used device. 
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The exhausts enter the bottom of the tower and flows upward through the packing 

material. Liquid is introduced at the top by spray nozzles, and flows downward 

covering the packing material with a wet film [19]. 

 

Figure 12: Co-current flow packed tower, copyright NC State University [19]. 

 

The gas is forced to make many changes in direction, resulting in better mixing, and 

hence the longer more narrow paths, the surface area and reaction time is increased. 

Example of packing material is shown in Figure 13 and consists of ceramics, metals 

or high-density thermoplastics [19]. 
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Figure 13: Common packing material, copyright NC State University [19]. 

 

The wet scrubber is also an efficient PM remover, and absorbs the particulate by 

impaction and diffusion into the liquid droplets. When there is a difference in relative 

velocity between the liquid droplets and the exhaust stream, the streamlines are 

bending around the droplets and the particle’s mass causes it to hit the droplet rather 

than follow the curvature. This is referred to as impaction and is illustrated in Figure 

14. 

 

Figure 14: Impaction, copyright NC State University [19]. 

 

As particles get larger they are less likely to follow the streamlines around the 

droplets, and particles greater than PM1.0 will be collected by impaction. Higher 

relative velocity between the droplets and the gas increases impaction rate. 

Very small particles, PM0.1 and less experience random movements in the gas and 

tend to bump into the droplets, i.e. by diffusion as illustrated in Figure 15 [19]. 

 

Figure 15: Diffusion, copyright NC State University [19]. 
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3.1.1 Open loop system 

In the Open loop scrubber, sea water is sprayed into the exhaust gases. The SO2 partly 

reacts with the CaCO3 (calcium carbonate) in the sea water forming CaSO4 (gypsum) 

and CO2. SO2 is also oxidised and condensed forming H2SO4 (sulphuric acid) which 

is diluted into the scrubber water. 

 

 

Figure 16: Sea water scrubber, copyright Lloyd’s Register Group Limited [20]. 

Combustion residues are separated from the wash water in a separator system and 

drained to a sludge tank. The remaining water (including gypsum) is then diluted with 

sea water to an acceptable pH level before discharged to the sea. The large flow 

(~50m
3
/MWh for 3.5%S HFO) through the system makes water treatment to 

acceptable pollutant levels demanding. 

For operation within ECA, the effluent wash water must be monitored for pollutants 

upstream any water dilution [6]. 

 

3.1.2 Closed loop system 

In the Closed loop scrubber, alkaline reagents are added in order to make the wash 

water reactive. A commonly used alkaline is NaOH (Caustic soda), which reacts with 

SOx in the exhausts to form various sodium sulphites and sulphate. 

As seen in Figure 17, the wash water is applied both inside the scrubber tower and in 

the venturi section of the scrubber inlet where the higher relative velocity between the 

droplets and gas increases the impaction rate. 

To remove the accumulated residuals from the wash water, a small bleed-off flow is 

extracted and led to a wash water treatment plant. The rest of the wash water is dosed 

with new alkaline and fresh water is added to compensate for the bleed-off. The wash 
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water is then re-circulated to the scrubber. For short term operation in zero discharge 

mode, the bleed-off can be led to a holding tank for later discharge. 

Discharge is allowed within ECA as long as the water quality is continuously 

monitored and levels of pH, PAH, NO3 and suspended PM comply with [6]. Analyses 

of bleed-off composition onboard the vessel “MT Suula”, with a fresh water scrubber 

installed, confirms that values within allowed limits are achievable [21]. 

There are waste reception facilities in Finland and Sweden which confirms that the 

residuals can be handled and disposed in ports in the same way as other sludge from 

ships engine room [21]. However, there are still only a few cases to refer to. 

Due to the use of alkaline reactant, the closed loop scrubber works independently of 

the sea water quality. Heat from the cooling process can be used for the production of 

evaporated water, which is commonly used in closed loop scrubbers. 

 

 

Figure 17: Principal arrangement of a fresh water scrubber [21]. 
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3.1.3 Hybrid scrubber 

A hybrid scrubber can use either the open or closed loop cycle. This might be 

beneficial for vessels operating both outside and within ECA or in waters of different 

alkalinity. 

 

Figure 18: Principal arrangements of a Hybrid Scrubber. (Wärtsilä) 

 

The advantage with hybrid scrubber is that alkalinity agent and fresh water is used 

only when necessary within ECA. Hybrid scrubbers are however more complex than 

single loop systems. 
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3.1.4 AVC scrubber 

The AVC (Advanced Vortex Chamber) scrubber unit has a high-speed cyclone 

incorporated in the design, providing higher relative speed and a forceful interaction 

between the liquid droplets and exhaust gas. 

The unit consists of exhaust inlets, two fans, a cyclone and an exhaust piping system 

allowing part of the exhaust automatically to be re-circulated through the unit as the 

exhaust production varies. 

 

 

Figure 19: AVC - Advanced Vortex chamber. (Clean Marine AS) 

 

The raw exhaust gases from one or more sources are collected via separate inlets at 

the top of the unit. The gas is ejected into an AVC by two fans. The scrubber can be 

operated using open or closed loop cycle. 
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3.1.5 GTM scrubber 

The GTM R15 scrubber is a compact wet scrubber, which reminds of a silencer in 

shape, and is installed in line with the exhaust flow. It can be operated in either open 

or closed loop. 

 

 

Figure 20: GTM scrubber by Green Tech Marine AS. 

 

The scrubber is designed for operation without exhaust fan. Further, the unit is 

designed to withstand ”dry running” which makes by-pass arrangement unnecessary. 

This type requires one scrubber tower per engine. 
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3.1.6 ULF scrubber 

The CSNOx scrubber is supposed to increase the wash water alkalinity by ULF (Ultra 

Low Frequency) waves. 

 

 
Figure 21: CSNOx ULF Scrubber diagram for closed loop 

The water treatment system comprises a SO2 Absorption Enhancer (SAE) unit and a 

CO2/NOx Reducer (CNR) unit. These units are supposed to enhance the treated 

water’s ability to break down SO2 and to remove NOx & CO2. No information 

regarding power consumption, bleed off water etc. is available. No running 

experience of a closed loop ULF is reported till today. 
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3.2 Dry scrubbers 

In dry scrubbing systems, the SOx molecules adhere to the surface of a solid sorbent 

instead of absorption to a liquid. In DryEGCS
®
 technology the SO2 in the exhausts 

reacts with Ca(OH)2 (limestone) to form CaSO4 (gypsum). 

The exhaust gas enters the absorber where it reacts with the limestone granulates. The 

absorber also removes PM from the exhaust gas. On top of the absorber a supply silo 

buffers fresh granulate. The reacted granulate is extracted underneath the absorber as 

residue on a frequent basis, and new granulate is supplied from the silo using gravity. 

The granulate transportation from storage is realised by pneumatic conveying. 

The weight factor between reacted and fresh granules is approximately 1.2. 

 
Figure 22: Schematic design of dry scrubber. [22] (DryEGCS ®) 

The system requires exhaust gas temperatures between 240-440 Deg C. The 

absorption process is an exothermic reaction hence no temperature loss of the exhaust 

gas. This makes it possible to place a SCR system, economizer etc. downstream the 

dry scrubber [22]. 
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3.3 Summary & implementation 

According to manufacturers, all presented scrubber types can reduce 98-99% SO2 and 

60-80% PM. All wet scrubbers are using either open or closed loop cycle, and is 

similar except from the design of scrubber tower. 

 

Table 10: Comparison of wet and dry scrubber systems. 

Type Open loop Closed loop Dry 

Zero 

discharge 

mode 

NO 

YES 

(holding 

tank) 

YES 

Positioning 

constraints 

Downstream 

SCR/ Boiler 

Downstream 

SCR/ Boiler 

Upstream 

Boiler 

 

The wet scrubber ends up with low exhaust temperatures and for that reason it should 

be placed downstream any SCR or/and EGB (Exhaust Gas Boiler). On land based 

installations, the wet scrubbers are sometimes placed before the SCR, but that requires 

re-heating of the exhausts which should be somewhat complicated to accommodate 

onboard a ship. The dry scrubber requires temperatures over 240 Deg C, and must 

therefore be positioned before any EGB. 

 

 

Figure 23: Positioning of wet and dry scrubber systems. 
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Table 11: Added weight and space for the different scrubber types applied to the 20MW 2-stroke engine. 

Added 

Equipment 

Sea water 

scrubber 

Open loop 

Fresh water 

Scrubber 

Closed loop 

Hybrid 

Scrubber 

Open/ 

Closed loop 

AVC 

Scrubber 

Open/ 

Closed loop 

GTM 

Scrubber 

Open/ 

Closed loop 

DryEGCS 

Dry 

Scrubber 

Scrubber 

Tower 

dimension 

Ø4.2x11m Ø4.8x10m Ø4.2x11m Ø4.5x16m Ø3.5x16m 5x9x14m 

Scrubber 

Tower dry 

weight 

14 ton 13 ton 14 ton 20 ton 12 ton 80 ton 

Weight 

including 

water/ 

granulate 

27 ton 17 ton 27 ton 23 ton 13 ton 250 ton 

 

Table 12: Scrubber consumables for the 20MW 2-stroke engine for reduction of 3.5%S at 75% MCR. 

Type Open loop Closed loop Dry 

Electrical 

power 

consumption 

400 kW 200 kW 10 kW 

Water bleed 

off 
750 m3/ h 2.5 m3/ h - 

Sludge 

production 
15 kg/h 15 kg/h - 

Reagent 

consumption 
- 

NaOH (50%) 

0.20 m3/ h 

Limestone 

0.45 ton/h 

 

For wet scrubbers the electrical power consumption is including all water pumps and 

an exhaust fan to compensate for the pressure drop. For the closed loop scrubber, 

equal amount of technical water as the bleed off flow needs to be produced onboard. 

Table 12 gives consumption figures when fuel sulphur is 3.5%, for lower sulphur 

percentage the consumption will decrease proportional according to figure 26. 
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Figure 24: Daily consumptions (24h) based on fuel sulphur percentage and installed MW 

 

Marine wet and dry scrubbers exist on the market but there are only a few pilot 

installations. More experience is required to reach a “proven maritime design” stage. 

Open loop scrubbers require no consumables or storage tanks and might be a good 

alternative for long trans-ocean ship routes. 

Tests using closed loop scrubbers confirm that the effluent can be discharged in 

restricted waters according to the discharge water criteria within [6]. Rules for water 

discharge within ECA (Emission Control Areas) are still unclear, since there is a 

possibility that port and flag states will impose stricter regulations. 

Dry scrubbers involve no discharge into sea and are suitable for operation within 

ECA, but are somewhat heavier and more voluminous than wet scrubbers. 
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4 PM reduction methods 

Filter systems are not in use for commercial shipping due to its incompatibility with 

marine fuels including sulphur. However the future use of ULSF (Ultra Low Sulphur 

Fuel) will open for the possibility to use PM filters. 

 

4.1 DPF - Diesel Particulate Filters 

The most common DPF (Diesel Particulate Filter) available today is of SiC (Silicon 

Carbide) wall-flow type, in which the filter channels are alternatively plugged on inlet 

and outlet side forcing the exhaust gas to pass through the honeycomb walls. 

 

Figure 25: The wall flow principle of a DPF filter [23]. 

In the filtration process PM deposits in the DPF walls as seen in Figure 25. This is 

increasing the back pressure, creating a necessity to burn of the trapped particles, i e 

regenerate the filter. The combustion of the trapped soot can be done either by active 

or passive regeneration. 

 

4.1.1 Active regeneration 

Active regeneration requires heat from a secondary source other than the engine itself. 

This source can either be a fuel burner or electrical heater but this alternative will 

probably not be attractive onboard commercial ships due to its negative impact on 

overall fuel efficiency. 

 

4.1.2 Passive regeneration 

Passive regeneration means that regeneration takes place spontaneously without any 

external heat source. This is possible by means of CDPF (Catalytic DPF), which is 

doped with catalytic active material in order to lower the necessary regeneration 

temperature to typically 400-450C. 
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4.1.3 Implementation & summary 

In order to lower the regeneration temperature further, it is possible to include an OXI 

in front of the CDPF. This will oxidize NO into NO2 which promotes a further 

lowering of the regeneration temperature into typically 320-350C [24]. 

 

 

Figure 26: OXI/ Catalytic DPF combined with SCR. 

 

Sulphur in the fuel will create ash which is not regenerative and will block the filter. 

For that reason, CDPF is an efficient solution for PM removal only in combination 

with ultra low sulphur fuels. 
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5 Conclusions 

NOx reduction above 95% can be performed with SCR. In future, if operating on 

alternative fuels, NOx emissions are expected to be low enough for primary reduction 

methods, however SCR will still be a good alternative, because there is no engine 

modifications necessary or fuel penalty involved. 

SOx reduction in the order of 97-99% is possible by means of scrubber technology. 

Open loop scrubbers require no consumables or storage tanks and might be a good 

alternative for long trans-ocean ship routes. Closed loop scrubbers are suitable for 

shipping routes within ECA as long as long as the bleed off can be discharged at sea 

and wash water produced onboard. Dry scrubbers involve no discharge into sea and 

are for that reason suitable for operation within ECA, but are heavier and more 

voluminous than wet scrubbers. 

PM reduction is currently not stated by IMO rules, but considering EPA rules for 

North American ECA, one can expect coming regulations. PM removal of between 

60-80% is claimed by the manufacturers of wet and dry scrubbers, SCR system is also 

removing PM up to 50%, especially if combined with an OXI. When ultra low 

sulphur fuels are used, CDPF is an efficient solution for PM removal. 
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