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Executive Summary 

 

Following the decision 2019/4 initiating the review of the Amended Gothenburg Protocol 
(AGP, 2012) adopted at the thirty-ninth session of the Executive Body (EB) of the Convention 
on Long Range Transboundary Air Pollution (CLRTAP) in December 2019 and to satisfy its 
revised mandate from decision 2018/7 adopted at the thirty-eighth session of the EB in 

December 2018, TFTEI prepared this report. In a first step, this report provides informal 
technical background information on maritime shipping emissions and techniques to reduce 
them. Other shipping emissions will be considered later by TFTEI. 

Maritime shipping deals with more than 80% of world global trade volumes, and its activity 
still grows. Hence, the emissions from maritime shipping, resulting mostly from fuel 
combustion, globally increase, and its worldwide contribution globally increases as some other 

sectors such as electricity generation, significantly tackled their emissions. In 2018, maritime 
shipping represents 2.9% of all anthropogenic CO2 emissions.  

Thus, regulations at international or regional levels have been implemented, such as the 
MARPOL Annex VI Regulation of the International Maritime Organisation and its 
amendments. In order to comply with these past and upcoming regulations, reduction 
techniques must be used to  reduce emissions from marine diesel engines.  

In this technical document, the different reduction techniques of pollutant emissions available 
for maritime shipping are presented. The different measures are presented in three different 

parts:  

¶ Primary techniques, which modify the combustion process, such as water injection, 
slide valves, slow steaming or new propulsion systems, or switch the fuel, commonly 
bunker fuel oil, for distillate fuels, LNG or alternative fuels (methanol, biofuels, 
ammonia, hydrogen, etc.), 

¶ Secondary measures, which are exhaust gas treatment systems such as exhaust gas 
recirculation, selective catalytic reduction systems, scrubbers or diesel particle filters, 

¶ Measures applicable in ports, such as shore-power supply system or shore-based 
exhaust cleaning systems. 

For each technique, a technical description is provided, as well as the achieved reduction rates 
per substance and the advantages and drawbacks. In terms of reduction efficiencies, the main 

findings are as follows:  

¶ Scrubbers and switches to lower sulphur fuels such as marine distillate fuels (diesel or 
gas oil), LNG or methanol are efficient techniques to tackle SO2 emissions, 

¶ A switch to LNG and the implementation of SCR are effective means to reduce NOx 
emissions, followed by EGR,  

¶ PM and BC emissions can be significantly cut down with switch to LNG, methanol or 
some lower sulphur distillate fuels. Diesel particulate filters are effective but can be 
used only with good quality distillate/light fuels, and are applicable only for high-speed 
engines until now, meanwhile the first tests on medium-speed engines are being 

realized. In addition, scrubbers can also reduce the PM and BC emissions to some 
significant extent, 

¶ Improving energy efficiency and moving to alternative non-fossil fuels and new 
emerging propulsion systems would also effectively reduce both air pollutant and 
greenhouse gas emissions, 
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¶ On-shore power supply system at berth can reduce significantly the emissions of 
pollutants and GHG from ships during hoteling. Shore- or barge-based exhaust gas 
cleaning systems also provide significant emission reductions and require no specific 
ship modifications but as yet to be further proven. 

 

Finally, the cost determination of each technique (when available) is given in order to assess 
the required investments depending on the different emission reduction rates achieved. The 
following table summarizes the collected information, separating primary and secondary 

techniques. One must note that the range of costs can be quite large depending on the available 
data, the technology maturity, the range of engine powers, etc. However, it is observed that 
switching to LNG or installing a scrubber are the most costly options, which can be justified by 
their relative high efficiency in reducing emissions. A LNG switch is the most expensive 

operation but this can be balanced with the operational and maintenance costs where savings 
can be realized. Besides a switch to low sulphur fuels or biofuels where low or even no 
investment costs are required, installing slide valves is the most economic technique (with no 
operational and maintenance costs) but its emission reduction efficiencies are rather low 

compared to other techniques.  

 

 

 

Reduction techniques :
SO2 NOx PM BC fuel penalty

Investments 

costs (ú/kW)Operation & maintenance costs

Primary measures:

- Switch to low sulphur fuels
up to 97%

1 - 50-90% 0-80%
2 

(median: 30%)
- - 88-223 ú/t fuel

- Switch to LNG 90-100% 64-90% 60-98% 75-90% - 5-10% 219-1603 - 43 ú/t fuel (+ fuel savings)

- Switch to water-in-fuel emulsions - 1-60% 20-90% 0-85% + 0-2% 11-44 33-271 kú/year
6

- Switch to biodiesel and biofuels - - 12-37% 38-75% + 8-11% - -

- Switch to methanol 100%
3 55% 99% 97%

4 + 9% 150-450
10-15 ú/MWh for fuel and 

3-4 ú/MWh for other O&M

- Slow steaming 13-50
5
% 21-64% 18-69% 0-30% - 15-50% 71 - 42-77% (fuel savings)

7

- Slide valves - 20% 10-50% 25-50% + 2% 0.33-1.43 (assumed to be null)

Secondary measures:

- Exhaust Gas Recirculation (EGR) - 25-80% - 0-20% + 0-4% 36-60
17-25ú/kW, so 2-3 ú/MWh 

assuming 8,000 hours/year

- Selective Catalytic Reduction (SCR) - 70-95% 10-40% - 0-2% 19-100 3-10 ú/MWh

- PM filters (DPFs) - - 45-92% 70-90% + 1-4% 30-130 +1-4% in fuel penalties

- Scrubbers 90-98% -
0-90%

(median: 14-45%)

0-70%
(median: 16-37%)

+ 0.5-3% 100-433
0,6

8
-12 ú/MWh 

(~2% of capital investments)
1
: theoretical conversion from a 3.5 wt% fuel to a 0.1 wt% fuel

2
: only valid for distillate fuels

3
: methanol does not contain sulphur

4
: expected achieved reduction (based on drop in particle number)

5
: not directly reported but proportional to fuel savings

6
: based on a lifetime of 12 years for all equipment but injectors, which are supposed to have a lifetime of 4 years

7
: do not consider the eventual needs of additional ships in the fleet

8
: the lower end of the range corresponds to open-loop scrubber where the only operational costs are due to fuel penalty of 1-3%
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1. Introduction  

 
According to the Decision 2018/71 of the Executive Body (EB) of the Convention on Long-
range Transboundary Air Pollution (LRTAP) (thirty-eighth session, Geneva, 10ï14 December 

2018)2, the revised mandate of the Task Force on Techno-economic Issues (TFTEI), the Task 
Force ñ..will continue to examine, assess, validate and provide information on, emission 
abatement technologies for stationary and mobile sourcesò. Among the new tasks assigned to 
TFTEI, described in the revised mandate, the Task Force has to initiate the work to assess 

information on emission abatement technologies for the reduction of air pollutant emissions, 
from shipping activities. 

The biennial workplan (2020-2021) for the implementation of the Convention aims at 
translating the vision and strategic priorities, set out in the long-term strategy for the Convention 
(2020ï2030 and beyond)3 into a list of activities to be carried out by the respective bodies under 
the Convention in accordance with their revised mandates, as adopted by the Executive Body 

at its thirty-eight and thirty-ninth sessions. The workplan also contains additional activities of 
the task forces and centres, not mentioned in the mandates, which are decided by the EB, from 
time to time, as needed. 

The work on shipping emissions assigned to TFTEI is part of the preparatory work for the 
review of the Amended Gothenburg Protocol (AGP, 2012), as highlighted in the document on 
the review prepared, between April and September 2020, by the Task Force supporting the 

WGSR Bureau.  

The decision to review the AGP has been adopted at the 39th session of the Executive Body 
(EB) [1] and the work programme and schedule are expected to be officially adopted at the 40th 
session of the EB, in December 2020. 

The work of review should last till the end of 2022, when the EB will decide on the possible 
revision of the AGP. 

The present informal technical document is intended to focus on the NFR 1A3di International 
water-borne navigation (excluding NFR 1A3di(ii) International Inland waterways) and partly 
on the NFR 1A3dii national navigation for national sea traffic. However, inland navigation, 
personal watercrafts and motor-boats are out of the scope for this document and will be 

examined in a next phase when the annex VIII of the Gothenburg Protocol will be reviewed. 

This draft document focuses on measures to address emissions from maritime shipping and 
journeys of vessels across the seas but also emissions from vessels, anchored at berths in ports.  

 
In the scope of the CLRTAP (as well as the UNFCCC), the criteria for distinguishing between 
domestic and international traffic depends only on the origin and destination of the ship for each 
segment of its journey. International shipping is represented by vessels of all flags that are 
engaged in international water-borne navigation. The international traffic may take place at sea, 

on inland lakes and waterways and in coastal waters. It includes journeys that depart in one 
country and arrive in a different country. Domestic navigation is represented by vessels of all 
flags that depart and arrive in the same country. It may include small leisure boats. This 

 
1 http://www.unece.org/fileadmin/DAM/env/documents/2002/eb/air/EB%20Decisions/Decision_2018_7.pdf 

2 http://www.unece.org/index.php?id=45532 

3 ECE/EB.AIR/142/Add.2, decision 2018/5, annex 
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document addresses measures for reducing emission of pollutants from vessels, engaged in 
maritime shipping, both national and international.  

 
In this document, measures addressing emissions generated by engines, used as main propulsion 
engines during cruise, and by auxiliary engines, used to provide power and services within 
vessels, are considered. A focus is provided on measures for vessels hoteling and maneuvering 

in ports. Other sources of pollutants such as VOC emissions from loading and unloading fuel 
in tankers are also considered.  

This report provides concise information on reduction techniques available to abate air pollutant 
emissions in the maritime shipping concerning sulphur oxides (SOx), nitrogen oxides (NOx), 
Volatile Organic Compounds (VOCs) and particulate matter (i.e. TSP (total suspended 
particles), PM10 and PM2,5, including black carbon (BC) and polyaromatic hydrocarbons 

(PAH)). Throughout this document, an assessment of the emissions of the main pollutants and 
their evolution over time is realised, followed by the analysis of the existing and developing 
policies and measures. Then, a review of the available reduction techniques for SOx, NOx and 
PM including black carbon and PAH is carried out alongside with the estimations of their 

associated costs of implementation. A special focus is given on which techniques can be used 
to comply with the restrictions on NOx or SOx emissions in sulphur oxides emission control 
areas (SECAs) and nitrogen oxides emission control areas (NECAs) as defined by the 
International Convention for the prevention of Pollution from ships (MARPOL), entered into 

force in 1983. The MARPOL Annex VI, adopted in 1997, sets limits to the main air pollutants 
emissions contained in the exhaust gases, including SOx and NOx, and the emissions of ozone 
depleting substances (ODS) and also volatile organic compounds (VOC) from tankers. 

This document has been addressed to the TFTEI experts (from both industry, NGOs and 
national administrations) in order to get their valuable feedback and improve the completeness 
and quality of the final report.  
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2. General information on the maritime shipping 

 

Dealing with about 80% of world global trade volumes [1][2], the international ship transport 
is an active and growing economic sector. In 2018, 3.6 billion tons of goods were transported 
throughout EU harbours, which is an increase of 3.6% compared to 2017 [3]. The global activity 
in the EUôs ports has intensified over the past decades and has even recovered from the 

economic downturn of 2009, surpassing the preceding peak of goods transported of 2007 by 
6.5% (see Figure 1))[3]. Among other countries, Poland, Belgium, Greece, Portugal, the United 
Kingdom and the Netherlands lead this global increase of the maritime freight transport in the 
EU since the economic recession as they all recorded significant relative increases [4][5]. The 

number of passengers passing through EU ports has also increased by 5.6% between 2017 and 
2018 and reached 410 million [3]. The worldwide fuel consumption of the maritime transport 
was estimated to be around 280 Mt in 2000 [6], about 217 Mt in 2004 [7], and 300 Mt in 2012 
[2][13]. In the Fourth IMO GHG Study, the total marine fuel consumption is estimated to grow 

from 248 Mt to 276 Mt between 2012 and 2017, and 299 Mt to 330 Mt over that same period, 
for top-down and bottom-up estimates Erreur  ! Source du renvoi introuvable.. According to 
the Third IMO GHG Study (300 Mt estimated for 2012)[13] the previous fuel consumptions 
mentioned in [2][6][13] should be compared to bottom-up figures. The evolution of the marine 

oil product consumptions of shipping since 1971 from Erreur  ! Source du renvoi 

introuvable.(a priori top-down fuel consumptions) is displayed in Figure 2 and reveals an 
overall increasing trend. In 2004, it was estimated that 11 out of the 217 Mt of total fuel 
consumed were meant for hoteling and maneuvering operations in ports [7].  

 

Figure 1: Evolution of the gross weight of seaborne freight transported to and from EU ports, 

from 2002 to 2018 (source: [3]) 
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Figure 2: Evolution of the oil product consumptions of shipping (international, domestic and 

fishing) between 1971 and 2017 (source: Erreur ! Source du renvoi introuvable.) 

 

The worldôs merchant fleet of early 2019 was constituted by 96,295 ships being over 100 gross 
tons, representing a total of 1,976 million dead-weight tons of capacity, which undergone an 
increase of 2.6% compared with early 2018 [8]. Bulk carriers and oil tankers account for more 

than 70% of the ship fleet (with respectively 42.6% and 28.7%), while 13.4% of the fleet is 
composed of container ships (see Table 1)[8], and the rest being split between cargo, gas carriers 
and ships for non-trading purpose such as offshore industry, fishing or service [7].  

Table 1: Split of world fleet per type of vessels for 2018 and 2019, in percentage (source: [8]) 

Principal types 2018 2019 Percentage 
change 

2019/2018 

Oil tankers 29.2 28.7 0.98 

Bulk carriers 42.5 42.6 2.87 

General cargo ships 3.8 3.7 0.07 

Container ships 13.1 13.4 4.89 

Other types: 11.3 11.5 4.06 

Gas carriers 3.3 3.5 7.25 

Chemical tankers 2.3 2.3 4.14 

Offshore vessels 4.1 4.1 2.79 

Ferries and passenger ships 0.4 0.4 2.53 

Others 1.2 1.2 -0.07 
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3. Emissions of pollutants from maritime shipping 

 

3.1.  Introduction  

The emissions from the shipping navigation are mostly the result of the combustion of fuels in 
the engines used as main propulsion engines during cruise, and by auxiliary engines, used to 
provide power and services within vessels. Thus, the typical greenhouse gases (GHG) and air 
pollutants emitted are the ones associated with the engine technology and the fuel speciation, 
and include [6]:  

¶ carbon dioxide (CO2); 

¶ NOx (NO and NO2); 

¶ SOx and other sulphur compounds (mostly SO2); 

¶ particulate matter (TSP, PM10, PM2.5 and other size of PM); 

¶ volatile organic compounds (VOC); 

¶ carbon monoxide (CO); 

¶ black carbon (BC); 

¶ polyaromatic hydrocarbons (PAH); 

¶ heavy metals (HM). 

 

These are the main substances emitted by maritime transport. However, there are also some 
fugitive emissions related to the loading and unloading operations, especially volatile organic 

compounds (VOC), and from the use of refrigerants or air conditioning, which emit HFC 
Erreur  ! Source du renvoi introuvable.. In addition, NOx and some other ozone precursors 
such as methane and VOCs lead to the formation of tropospheric ozone (O3) (secondary 
pollutant). SOx, NOx, VOCs are also precursors of secondary PM. 

The emissions implied by the whole sector of the transport are among the only anthropogenic 
emissions which keep on rising over the years (+77% from 1990 to 2018) [9] and, in 2019, it 

was reported that the transport sector, all means considered, constituted about 24% of the global 
CO2 emissions. The maritime transport is though considered to be quite environmentally 
friendly compared to other means of transport and, surprisingly, its emissions were barely 
considered to be a matter of great importance before 1980. Nevertheless, due to its intensive 

activity, the maritime transport contributes to a lot of emissions of pollutants and greenhouse 
gases over the worldôs oceans [7] but as well over inland territories [17].  

 

3.2.  Inventories of emission 

 

In the UNECE region covered by the CLRTAP (Convention on Long-Range Transboundary 
Air Pollution, also called Air Convention), the data of annual, party-specific emissions of 
pollutants related to maritime transport are reported and available on the CEIP web site under 

the NFR codes 1.A.3.d.i, 1.A.3.d.ii and 1.A.4.c.iii (i.e. SNAP codes 080402, 080403, 080404 
and 080304) [1][11][12]. The NFR 1.A.3.d.i is itself composed of the NFR 1.A.3.d.i(i) for 
international maritime navigation, which is reported in the UNECE inventory as a memo-item, 
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which means it is estimated but not included in the country national total, and of the NFR 
1.A.3.d.i(ii) for international inland waterways, accounted in the national total.  

Several methodologies of emission estimation are presented in the guidelines of EMEP/EEA 
2019 [12], associated with different levels of accuracy and needs of data, which are called Tiers. 
The simplest methodology is the Tier 1 whereas the most complex and accurate one is Tier 3. 
  

Tier 1 

In the Tier 1 approach, the consumptions of the different types of fuel (e.g., bunker fuel oil, 
marine diesel oil, marine gas oil and gasoline) used in ships are multiplied to the corresponding 
emission factors (EF), for each pollutant [12]. The following equation can be used:  

Ὁ  ὅ  ὼ ὉὊȟ  

with: Ei the emission of pollutant i, Cm the consumption of the fuel of type m, and EFi,m the 
emission factor for the pollutant i and the fuel type m. 

 

Tier 2 

For the methodology of Tier 2, in addition to the Tier 1 and the distinction made on the fuel 
type, the type of engine is also distinguished, and different EF are used depending on it. The 
distinct types of engine encountered are the following ones (this list is informative but not 
exhaustive): slow-, medium- and high-speed diesel engines, gas turbines or steam turbines for 

large ships ; diesel, gasoline two-stroke and four-stroke for small vessels [12]. The equation for 
the estimation of pollutant emission then changes as follows:  

Ὁ  ὅ ȟ ὼ ὉὊȟȟ
ȟ

 

with j the engine type, and now the emission factor EF and the fuel consumption C need to be 
disaggregated per type of engine in addition of the type of fuel. 

 

Tier 3 

Finally, for the Tier 3 approach, the additional parameter to be considered is the phase of sailing: 
cruise, hoteling or manoeuvring. When the fuel consumption per sailing phase is not known, a 
model based on the following equation can be used [12]:  

Ὁȟ ȟ ȟ  ῳὸ ὼ ὖ ὼ ὒὊὰέὲȟὰὥὸȟὸ ὼ ὉὊȟȟȟȟ
ȟȟ

 

in which: 

Å lon = ship's longitude, and lat = ship's latitude, 

Å t = date and time of the ship on each lat/lon location data, 

Å p = the different phase of trip (cruise, hoteling, manoeuvring), 

Å æt = duration since the last geographical position, 

Å e = engine category (main, auxiliary), 

Å LF = engine load factor (%) at each geographical position, 

Å P = engine nominal power (kW). 
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3.3.  Historical situation and recent evolution 

3.3.1. Overall situation 

The global annual emissions of CO2 in 2000 were estimated to be around 800 Mt for shipping [6] 
and increased to about 938 Mt in 2012 [13] and up to 1,056 Mt in 2018, which is equivalent to 

about 2.9% of all anthropogenic CO2 emissions Erreur ! Source du renvoi introuvable.. Compared 

to other transport means and considering the carried good amounts, marine shipping has 

relatively low emissions of GHG ï only rail transport has lower GHG emissions per ton-kilometre 

(see Table 2 and  
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Table 3)[88]. Marine shipping emits slightly less NOx emissions than large trucks per ton-

kilometre, but higher PM10 emission levels. Moreover, marine shipping has the highest SO2 

emission levels per tonne-kilometer (cf.  
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Table 3)[88]. SOx emissions are mainly due to the high mean sulphur content of the marine 
fuels while NOx emissions are mainly due to the high operating temperatures and pressures in 
the engines.  

Due to the implementation of limits on the fuel sulphur contents in global seas as well in SO2 
emission control areas (SECA), it can be expected that the SO2 emissions have recently 
decreased while NOx emission aftertreatment requirements are only on specific NOx control 

areas. However, at a global level, the emissions of SO2, NOx, VOC, PM10, PM2.5 and BC have 
all been observed to increase between 2012 and 2018 (see Figure 3). SO2 and PM emissions 
increased over the period 2012-2018, in spite of the reduction of the consumption of heavy fuel 
oil (HFO, - 3%) for marine diesel oil (MDO, + 69%) and liquified natural gas (LNG, +30%), 

due to the increase in the average fuel sulphur content Erreur  ! Source du renvoi introuvable.. 
However, large emission reductions should be achieved for 2020 thanks to the sulphur content 
limit imposed to 0.5 wt% (cf. Chapter 4). However, this analysis shows the necessary efforts 
required to improve environmental impact of shipping at the worldwide level. 

Table 2: Representative emission factors per mode, for bulk/packaged cargo transport (TTW: 

tank-to-well emissions, correspond to fuel combustion, while WTW: well -to-wheel emissions, 

include in addition the overall chain of fuel extraction, refining and distribution)  (source: [88]) 

 

  

Mode Vehicle/Vessel  Type of 

freight  

CO2 

(g/tkm)  

(WTW) 

CO2 

(g/tkm)  
(TTW) 

PM10,c  

(g/tkm)  
(TTW) 

NOx 

(g/tkm)  

(TTW) 

SO2 

(g/tkm)  
(TTW) 

Road Large van Med.-weight  1,153 895 0.148 5.03 0.006 

Truck, medium -size (10-20 t)  Med.-weight  259 201 0.017 1.75 0.001 

Tractor -semitrailer , heavy Med.-weight  82 64 0.003 0.29 0.0004 

Truck, medium -size (10-20 t)  Heavy 243 189 0.016 1.6 0.001 

Tractor -semitrailer , heavy Heavy 78 61 0.003 0.3 0.0004 

Large heavy vehicle Heavy 76 59 0.003 0.3 0.0004 

Rail Electric, medium -length*  Heavy 10 0 0 0 0 

Diesel, medium-length*  Heavy 18 14 0.005 0.19 0.0001 

Inland 

shipping 

Rhine-Herne canal (RHC) vessel Heavy 38 30 0.017 0.46 0.0002 

Large Rhine vessel Heavy 21 16 0.008 0.23 0.0001 

Short-sea General Cargo 10-20 dwkt  Heavy 15 12 0.005 0.25 0.007 
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Table 3: Representative emission factors per mode, for container transport (TTW: tank-to-well 

emissions, correspond to fuel combustion, while WTW: well-to-wheel emissions, include in 

addition the overall chain of fuel extraction, refining and distribution) (source: [88]) 

Mode Vehicle/Vessel  Type of 

freight  

CO2 

(g/tkm)  

(WTW) 

CO2 

(g/tkm)  

(TTW) 

PM10,c  

(g/tkm)  

(TTW) 

NOx 

(g/tkm)  

(TTW) 

SO2 

(g/tkm)  

(TTW) 

Road Tractor -semitrailer, heavy 

(2 TEU) 

Med.-weight  102 80 0.004 0.36 0.0005 

Rail Electric, long (90 TEU)*  Med.-weight  16 0 0 0 0 

Diesel, long (90 TEU)* Med.-weight  30 23 0.009 0.31 0.0001 

Inland 

shipping 

RHC vessel (96 TEU) Med.-weight  44 34 0.019 0.53 0.0002 

Large Rhine vessel (208 TEU) Med.-weight  24 18 0.009 0.26 0.0001 

Short-sea Container (Panamax-like, 

4,060 TEU) 

Med.-weight  21 16 0.008 0.35 0.01 

 

 

 

 

Figure 3: Evolution of NOx, SO2, VOC, PM10, PM2.5 and BC bottom-up estimated emissions from 

international shipping from 2012 to 2018, separated between voyage-based and vessel-based 

(source: Erreur ! Source du renvoi introuvable.) 
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At the European level, it can be observed in Table 4 and Figure 4 that the emissions of SO2, 
NO2, PM2.5, NMVOC and CO from international shipping in the EMEP area have all decreased 
between 2000 and 2018, although the progress is in general slower since 2010 [87]. However, 
for SO2 and PM2.5, the observed reductions are very uneven between the Baltic and North Seas, 

which are SECAs with regulated fuel sulphur contents which achieved large reductions, and 
the other seas, which decrease their emissions at a slower pace and even undergo emission 
fluctuations recently.  

The emissions of the European national shipping can contribute significantly to the total 
European emissions, especially for SO2 and NOx as it is revealed in the Table 5 (based on 
emissions reported from countries for the year 2004). Considering the fact that international 

shipping emissions are not included in this analysis, the impact of the overall marine shipping 
emissions could be even more important. However, this analysis is based on emissions for the 
year 2004 and, as seen from the Table 4, reductions have been globally achieved and this 
analysis could also over-estimate the current contributions of some pollutants.  

Table 4: Total emission trends of SO2, NO2 and PM2.5 from international shipping , between 2000 

and 2018, over European seas and the European part of the Atlantic ocean (source: [87]) 
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Figure 4: Evolution of international shipping emissions in the EMEP area between 2000 and 2018, 

for NOx, NMVOC,  SOx, PM2.5 and CO (source: [87]) 

Table 5 : Ranges of contribution of national shipping to total emissions in Europe (based on 

emissions from 2004) (source: [12]) 

 

 

Another impactful parameter to be considered is the fact that ship emissions mostly occur along 
heavily-frequented, trading routes connecting ports. For instance, some independent studies 
showed that about 70% of the shipping emissions occur at less than 400 km away from the 

shores [14][15] and they can be transported hundreds of kilometers onshore [16]. The latter 
study, carried out in 2007 [16], revealed that the PM emissions from shipping can be held 
responsible for nearly 60,000 premature deaths per year near the coastlines of Europe, East and 
South Asia. Another study reveals that the implementation of additional SECAs in EU waters 

could avoid 4,000 and 8,000 cases of premature deaths by 2030 and 2050, respectively, and 
similar health benefits could be possible with the application of the Tier-III NOx standards [24].  

According to the European Commission (EC), acting on the maritime pollution could be more 
effective than reducing in-land emissions for SO2, NOx and PM (see Figure 5). Moreover, the 

EC stated in 2011 that, in Europe, the maritime emissions could exceed the global in-land 
emissions by 2020 if no further actions are taken, even though the transport sector represented 
less than 5% of EUôs GDP [17]. As a consequence, cutting down the maritime emissions is 
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quite important in order to improve the air quality and the environmental aspects, both onshore 
and offshore.  

 

  

Figure 5: Comparison of EU in-land NOx emissions with emissions of NOx from maritime trafic 

in European seas for 2000, 2010, 2020 and 2030 from a survey and forecast made in 2013 

(source: [18]) 

 

 

3.3.2. In ports 
 
There is a growing pressure on worldwide ports to tackle air pollution from cargo operations in 
order to minimize its impact on health and environment [93][94]. The pollution in ports can be 

even more dramatic on health than pollution over seas and oceans as the proximity of the 
population increases. The attention is mostly driven on atmospheric pollutants such as NOx 
(associated with ground-level ozone), PM and SO2 [93] as their impacts are also localised and 
of short term. 

 
There are various emission sources which can be found in ports depending on its size, its 
geographical location and layout, its activity, its configuration and the traffic type encountered 
[93]. All these features influence the estimated emission levels [95]. There are two types of 

emission source in ports, mobile and stationary sources, which depend on the consumed energy 
type and which can be summarized as in Table 6 (non-exhaustive list) [93]. Another source of 
PM emissions, can be unpaved areas with the vehicle movements, but this is often not included 
in port emission assessments as difficult to estimate [93]. This document only focuses on 

emissions related to water-borne navigation vessels, which contribute the most to the port 
emissions [96]. 
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Table 6: Examples of port-related emission sources by energy type (source: [93]) 

 
In seagoing vessels, there are three types of energy systems: the propulsion engines, the 
auxiliary engines and the auxiliary boilers. Propulsion engines provide power directly (direct 

drive or gear drive) or indirectly (diesel-electric) based on the shipôs configuration. Auxiliary 
engines provide electric power to house loads, pumps, loading/unloading equipment, etc [95]. 
Auxiliary boilers provide steam power for pumps, inert gas for volatile organic bulk liquid 
operations, crew needs, etc. [95]. 

 
In ports, the ships can be in two different operating modes, which are maneuvering, while the 
ship operates in confined channels or at its departure or arrival to the harbour, and hoteling, 
when the ship is docked at berth or anchored [93]. In the maneuvering mode, the ship travels at 

its lowest speeds, hence the propulsion engines are at very low loads, meanwhile the auxiliary 
engines are at high loads and the auxiliary boilers are at low loads [93][95]. In the hoteling 
mode, the ship does not move, the propulsion engines are then off while the auxiliary engines 
can be at high loads if the ship is self-discharging. Moreover, the auxiliary boilers can also be 

used to generate steam to keep the propulsion engine warm enough for eventual departure 
[93][95] or avoid damage from low temperature contractions [99].  
 

While being in maneuvering and hoteling modes in ports, the emissions of the ships are quite 
important compared with the cruising phase, as it can be seen from Figure 6 and Figure 7 
[74][96]. For instance, for chemical and oil tankers, around 20% of the GHG emissions (i.e., 

the fuel consumptions) are due to the phases at or near port areas [74]. Among the different ship 
types, the emissions at berth are globally higher than the ones during the port approach or 
departure (i.e., maneuvering phase). Outside the temporary use of scrubbers and if no fuel 
switch is done depending on the sailing phase, SO2 emissions are directly proportional to the 

fuel consumptions and the sulphur content. From Figure 7, we can hence assume that fuel 
consumptions at berth are quite considerable compared to the other sailing phases and can even 
go up to about 20% of the overall consumption for oil tankers. As a consequence, the emissions 
of NOx and PM2.5 are also relatively high due to the significant fuel consumption as well as the 

specific operating conditions. For some ship types such as ñFerry-pax onlyò, the emissions of 
NOx and PM2.5 in port areas represent about 30% and more than 20%, respectively, of their total 
emissions. For 2011, the emissions from ships at berth have been estimated to be about 0.4, 0.2 
and 0.03 Mt for NOx, SO2 and PM10 respectively [96]. Therefore, these analyses and graphs 

reveal the need to act on emission in those particular sailing phases.  
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Figure 6: Share of GHG emissions (in CO2e) of international shipping in 2018 per ship type and 

per sailing phase (based on voyage-based allocation of emissions) (source: [74])  

 

 

Figure 7: Share of NOx, PM2.5 and SOx emissions (voyage-based), in that specific order of 

presentation, per ship type and per sailing phase in 2018 (source: [74])  
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Fugitive emissions from shipping are associated with the loading and unloading of volatile 
organic bulk liquid cargoes, and include emissions of VOC from hatches, pressure relief valves, 
flanges, etc. as cargos are moved to and from shore-side facilities. These non-exhaust emissions 
are really significant compared with overall shipping exhaust emissions (2.5 vs 0.8 Mt in 2017, 

see Figure 3 and Table 7) and increase over time as the amounts of liquid and gaseous fuels 
increase.  

Table 7: Estimations of fugitive NMVOC emissions, related to oil and gas transport and 

distribution (top -down estimates) (source: [74]) 

 

Although the direct control of ports and terminals on shipsô emissions is limited, their impact 
on ship emission reductions in the port area is double. On one hand, they can directly or 
indirectly provide incentives for ship owners to implement emission abatement measures on 
board. On the other hand, ports/terminals can facilitate port area ship emission reductions by 

providing solutions themselves such as on-shore power supply facilities or LNG infrastructures.  



 TFTEI ï Shipping emissions ï December 2020 28 

4. Maritime legislation  

 

There is room for some improvement in terms of reduction of atmospheric emissions as 
highlighted in the previous section. To do so, the IMO (International Maritime Organisation) is 
the agency of the United Nations with responsibility for the safety and security of shipping and 
the prevention of marine and atmospheric pollution by ships. IMO is the global standard-setting 

authority for the safety, security and environmental performance of international shipping. Its 
main role is to create a regulatory framework for the shipping industry that is fair and effective, 
universally adopted and universally implemented.  

The IMO adopted in 1973 the International Convention for the Prevention of Pollution from 
Ships (MARPOL Convention) which is the main international text covering pollution of the 
marine environment. The MARPOL Convention covers pollution from ships in the oceans and 

some specific areas such as the Mediterranean or Baltic seas, as well as vessels operating in US 
waters. Throughout the years, diverse Protocols were adopted and, in 1997, the Annex VI ï 
called ñRegulations for the Prevention of Air Pollution from Shipsò ï was introduced and 
entered into force in 2005 [12]. With this main legislative instrument MARPOL Annex VI, 

several regulations address NOx emissions (through regulation 12), ozone depleting substances 
(through regulation 12), sulphur oxides, (through sulphur in fuel in Regulation 14 and through 
the designation of Sulphur Dioxide Emission Control Area (SECA) in Regulation 14) and VOC 
from tankers  (in Regulation 15)  and prohibits deliberate emissions of substances likely to 

weaken the ozone layer [19]. A global cap on the sulphur content of fuel oil at 4.5 wt% (i.e. 
weight percent) was introduced alongside with mandatory technical and operational energy 
efficiency measures through the Tier I. Moreover, a distinction was done for the marine zones 
between ECA and outside ECA and the associated constraints on the sulphur content in fuels. 

An ECA is a specific, delimited area where strict requirements for a certain pollutant are 
imposed to protect their environment, which are designated by the IMO. The Baltic Sea was 
the first SECA, set in 2006, where the sulphur content of marine fuel oil was limited to 1.5 wt%. 
Following that, the North Sea and the English Channel were introduced as SECA in 2007. 

The Marine Environment Protection Committee (MEPC) of IMO adopted amendments to 
MARPOL Annex VI in 2008 and after, in order to strengthen the emission limit values (ELVs) 

for NOx and the sulphur contents of fuel oils used in ship engines. In a practical way, new 
regulations on the sulphur content and Tiers II and III to regulate the NOx emissions were 
introduced. The sulphur content in fuels used in SECA was decreased to 1 wt% (2010) then 0.1 
wt% (2015) while for fuels used outside SECA, the sulphur content was reduced to 3.5 wt% 

(2012) and has then been reduced to 0.5 wt% from 2020 onwards [12]. Concerning the NOx 

emissions, the ELVs are addressed to diesel engines with a power output higher than 130 kW 
of ships which were constructed, or engines which underwent a major conversion, after January 
1, 2000. The Tiers I and II concern this whole category of ships, depending on the construction 

date (before or after January 1, 2011), whereas the Tier III is for the same type of ship, 
constructed after January 1, 2016, but only when they operate in NECA.  

Table 8 : Tier I -III NO x emission limits for ship engines (Marpol Annex VI and amendments) 

(source: [12]) 

Regulation NOx limit (g/kWh) Rated engine speeds (rpm) 

Tier I 

17  

45 x n-0.2 

9.8 

n < 130 

130 Ò n < 2000 

n Ó 2000 



 TFTEI ï Shipping emissions ï December 2020 29 

Regulation NOx limit (g/kWh) Rated engine speeds (rpm) 

Tier II 

14.4 

44 x n-0.23 

7.7 

n < 130 

130 Ò n < 2000 

n Ó 2000 

Tier III  

3.4 

9 x n-0.2 

2 

n < 130 

130 Ò n < 2000 

n Ó 2000 

Following the MARPOL Convention Annex VI, the EC implemented the Directive 
1999/32/EC, with measures to reduce emissions of sulphur contained in marine fuels. However, 
this Directive does not treat the ship emissions of NOx or TSP emissions. Then, the Directive 

2005/33/EC was implemented and basically copied the MARPOL Annex VI but differed on the 
application dates. In addition to the MARPOL Annex VI, it imposes a restriction on the sulphur 
content at 0.1 wt% for ships at berth in EU ports from 2010 onwards (Directive 2012/33/EU). 
Since then, revised versions of the Directive such as Directives 2012/33 and 2016/802 fixed the 

sulphur content of fuel first to 1.5 wt% for passenger ships outside SECA, and then to 0.5 wt% 
since early 2020.  

Table 9 : Evolution of the legislation on sulphur content in marine fuel quality (source: [12]) 

 

Several studies investigated the impacts of the aforementioned policies on the ship emissions, 
as well as on the challenges for ship manufacturers and owners (mostly about the need of 
updated technologies and the eventual shift in the trading routes) and the fuel suppliers 
[20][21][22][23][24][40]. One of their main conclusions was that policies and measures are 
crucial if emission abatements want to be achieved because reduction technologies are often 

not enough implemented if no limit values are imposed. A recent study conducted by a 
consortium led by INERIS together with Citepa and other partners [25] analysed the impact of 
the IMOôs 2020 global sulphur cap policy and the implementation of a SECA and a NECA in 
the Mediterranean Sea. Huge reductions of SO2 and NOx emissions could be obtained with PM 

and BC emission reductions as well. Benefits on human health have been assessed and the costs 
estimated. Among the other results, they remarkably revealed that more than 6,000 premature 
deaths around the Mediterranean Sea due to PM2.5 could be avoided and at least 17 billion ú 
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could be saved yearly in health costs while the additional investment for such measure 
implementations in the Mediterranean Sea would be of no more than 5 billion ú per year [25].  

In addition, the Commission implementing decision 2014/738/EU, which establishes best 
available techniques (BAT) conclusions for the refining of mineral oil and gas, regulates VOC 
emissions to air from fuel loading and unloading operations. For sea-going ships with an annual 
throughput superior to 1 million m3 per year, vapour recovery techniques such as condensation, 

absorption, adsorption, membrane separation or hybrid systems must be implemented in order 
to achieve recovery rate of at least 95%.  

In annex VI, article 8 of the AGP, limit values for VOC emissions from the storage and 
distribution of petrol, do not address the loading of seagoing ships (stage I). 
 
For ports, no international regulation imposes specific rules for port areas (e.g., IMO regulation 

applies) but regional or local regulation authorities may define some. In the European Union, a 
fuel sulphur content limit of 0.1 wt% for ships at berth is imposed by the Directive 2012/33/EU. 
In addition, the Directive 2008/50/EU imposes standards for ambient air pollutant 
concentrations, which may force ports to act on their ambient pollution or limit their activity 

deployment, especially for NOx, PM10 and PM2.5. In the US, similar ambient air concentration 
limits are imposed by the US EPA through the National Ambient Air Quality Standards 
(NAAQS), which can indirectly enhance port emission reduction. In California, the Ocean 
Going Vessels Fuel Rule imposes, for vessels within 24 nm of the Californian coastline, a fuel 

sulphur content limit of 0.1 wt% for main, auxiliary and boiler engines since 2014. Finally, the 
Californian At-Berth Regulation requires vessels of 6 different ports (Los Angeles, Long Beach, 
Oakland, San Diego, San Francisco and Hueneme) to plug into shore power or use alternative 
control techniques which achieve similar emission reductions (at least 85-90% for PM and 

NOx). In 2014, at least 50% of a fleet visits must use onshore power and total onboard auxiliary 
engine power generation must be reduced by at least 50% (measured against the fleet baseline 
power generation), which increased to 70% in 2018 and 80% in 2020.   
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5. Available reduction techniques for ships 

 

The emissions of pollutant in the maritime navigation can be controlled by acting at the source: 
using cleaner fuels (with low sulphur content, LNG or alternative fuels such as biofuels, 
methanol or others) and modifying the combustion technology and process (primary 
techniques), eventually combined with exhaust gas treatments (secondary techniques). The 

measures adopted in the MARPOL Annex VI impose requirements on the fuel sulphur content. 
In addition, a focus needs to be realized on the various combustion techniques and technologies 
to abate further air pollutant emissions. In the following paragraphs, a review of the abatement 
techniques available to decrease the emissions of NOx, SO2, PM and BC is given. 

Regarding the technology options and investment costs, large variety in marine engines and 
fuels needs to be considered. The range of engines can vary from 100 kW high-speed engines 

to 100 MW two-stroke engines, operating either at very good quality distillate fuels to high 
sulphur content residual fuels. It is common that some reduction technologies apply only to 
certain engine technology and fuels, and also the reduction efficiency and costs may vary 
significantly. Hence, each measure application should then be evaluated on a case-by-case 

approach so that specific features are considered to assess the appropriate reduction level and 
costs. 

 

5.1.  Primary techniques 

5.1.1. Fuel switch: low sulphur fuels, LNG and alternative fuels 

5.1.1.1. Switch to low sulphur fuels 

The emissions of SOx from ships are directly due to the content of sulphur present in the fuels. 
However, thanks to the MARPOL Annex VI Regulation, a sulphur cap has been defined and 

decreased over the years, down to 0.5 wt% since early 2020, having a huge impact on SOx 
emissions.  

Note about PM measurements:  

In the following chapters, the term ñPMò (Particulate Matter) is used as it is mostly 
encountered in the literature. However, in our understanding, ñPMò can here be assimilated 
to the term ñTotal Suspended Matter (TSP)ò as no specific range of particle sizes is 

considered. Nevertheless, the differences between TSP and PM can be rather marginal as the 
fractions of PM2.5 and PM10 in TSP in marine combustion are very large and, according to 
the EMEP/EEA guidebook [12], the granulometry is as follows: 

  

Granulometry of PM emissions (% of TSP) PM10  PM2.5  

Bunker fuel oil 100% 90% 

Marine diesel oil/marine gas oil (MDO/MGO) 100% 93% 

In addition, the measurement techniques for ship engines often follow the standards from the 
norm ISO n°8178, where dilution of the exhaust gases is realized before the measure in order 

to include the volatile PM fraction. 
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Since the SOx emissions are directly proportional to the fuel sulphur contents, important 
emission cuts down can be achieved using lower sulphur content fuels. Typically, lowering the 
sulphur cap of fuels from 3.5 wt% to 0.5 wt% should theoretically lead to a reduction of 85% 
of the SO2 emissions from maritime shipping. In practice, some sea zones are SECAs, where 

the regulated sulphur content is 0.1 wt%, leading to potential reductions of up to 97% as it can 
be observed in literature [77], but some of the commonly heavy fuel oils used have lower 
sulphur contents than 3.5 wt%. For instance, prior to MARPOL 2020, the average fuel sulphur 
content was estimated to be around 2.5-2.7 wt% [5][25][64][72][73]. Therefore, the practical 

emission abatements achievable can be slightly lower but still very significant.  

In addition, the switch from high-sulphur residual fuels to lower sulphur distillate/light fuels 
also has a positive impact on PM emissions, with achieved emission reductions varying from 
50 to 90% [25][64][77]. Switching to low sulphur content, distillate/light fuels also provide BC 
reductions by 0 to 80%, with a medium range of about 30% [33][35][79][84]. The achieved 
reduction rate depends on the measurement technique, fuels used, engine types and power 

ranges, which could explain the wide range of reduction rates observed.  

 

5.1.1.2. Switch to LNG 

A switch to LNG instead of using fuel oils in ship diesel engines would be a sizeable solution 
to decrease significantly the emissions of SO2, NOx and PM and eliminate most of the black 
carbon emissions [26]. In 2015, LNG represented about 2.4% of the total fuel consumption of 

marine shipping [37]. Since 2010, the share of delivered ships built with LNG engines increased 
from 1.4% to 13.5% in 2018 [77]. The combustion of LNG is supposed to be almost negligible 
for SO2 emissions compared to other oil products (from 90 to 100% reduction [26]), whereas it 
is estimated to emit about 90% and 88-98% less of NOx and PM, respectively [26][40][84]. 

Lower reduction rates of about 64-73% and 60-68% for respectively NOx and PM have also 
been observed with a LNG switch [77]. A switch to LNG is also estimated to have a positive 
reducing impact of up to 75% to 90% on BC emissions [33][34][37][84]. Nevertheless, major 
modifications are required in order to use LNG engines which implies costly conversions  [26], 

unless the gas engine conversion is realized during a major engine overhaul. For instance, an 
additional physical space of about 3% of the shipôs TEU (twenty-foot equivalent unit) slots is 
expected to be required for a switch to LNG engine [8], implicitly decreasing the space for 
containers. In addition, LNG is mainly used in dual-fuel engines (around 81% of all installed 

or ordered LNG engines), implying that some oil is also jointly consumed and can therefore 
increase the overall LNG engine emissions [77]. Another limiting parameter to the deployment 
of such a technique is the availability of LNG and the associated methane emissions 
[26][37][38][39]. In fact, it has been estimated that LNG production could cover about only 

10% of the required shipping fuel by 2040 [8][41].  

 

5.1.1.3. Water-fuel emulsions (WFE) 

In WFE, water is added continuously into a mixture of fossil fuel and emulsifiers or stabilizing 
agents by mechanical measures, prior to the combustion chamber [33][53][55][64][69]. These 
emulsions are typically denoted as water in fuel emulsions. However, in some cases, the amount 

of added water needs to be very large to reach the required emission limits, such that it could 
be rather considered as a fuel in water emulsion. A more general denomination water-fuel or 
fuel-water emulsion cover both cases. The fuel-water emulsions can be either based on diesel 
or heavy fuel oil mixtures [32][64]. The use of WFE generally increases the fuel oil 
consumption [15][33][53][55], but fuel penalty is marginal when the water content is 30% or 

less [53][55] and estimated to be around 1-2% for 30% water contents or more [33][55][69]. 
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When the emulsified mixture is injected into the combustion chamber, the combustion 
temperatures are lowered due to the water evaporation and additional heat required to heat up 
liquid water to the boiling point, leading to a lower formation of NOx [33][55][64][69]. Then, 
NOx emission reduction of about 1% is expected for 0.7 to 1% of water added to the fuel 

[15][55][64][69], with maximum reductions achievable about 50-60% [55][62][64][69]. 
Conjointly with NOx, PM emissions can be decreased by 20 to 63% using WFE in marine diesel 
engines [32][35][53], whereas it is also reported that 60-90% PM reductions can be achieved 
[53]. In addition, BC emission reductions of 45-50% can be obtained according to [33], while 

reductions up to 85% are reported in [35][53][84]. Potential impacts on SO2 emissions are not 
reported in the literature and are assumed to be minor but slight reductions can be expected 
[35][53]. One limiting factor to the use of WFE in existing marine engines is the delivery 
capacity of the fuel injection system while maintaining the same power level [64]. In addition, 

the large amounts of required water and the corresponding energy consumption for water 
treatment need to be considered. Moreover, using this process implies the risk of sulphurous 
acid (H2SO3) formation which could lead to the engine corrosion [77].  

 

5.1.1.4. Switch to alternative fuels 

Using other, cleaner alternative fuels, such as methanol or biofuels, can be a great means of 
tackling pollutant emissions. Nevertheless, a switch to fuels such as biofuels or hydrogen is 
possible but still mostly at the research and development stages [8], and it also raised some 
problems about cost and availability.  

¶ Biodiesels and biofuels: 

Switching to biodiesels and biofuels produced from vegetable oil is also a good means to reduce 
the environmental impact of shipping. They have already been introduced in various 
transportation sectors and enable CO2 and PM/BC emission reductions [15][35]. In order to 
fully assess the CO2 emission reductions related to the use of biofuels, the impact on the land 

use and land change would need to be considered as well. Among different transport means, 
biodiesels have been revealed to decrease PM emissions by 50 to 90%, due to the lower 
concentrations of aromatic hydrocarbons, the higher cetane numbers and higher oxygen content 
[35]. In marine applications, PM reductions from 12% to 37% have been obtained depending 

on the percentage of biodiesel in the fuel mixture [32]. In [84], PM reduction rates of 20-30% 
are observed for 20% biodiesel mixture while 100% biodiesels reduce PM by 50-70%. In 
addition, comparing to typical fuels, SO2 emission reductions could be obtained while switching 
to these alternative fuels [32]. However, biodiesels have lower energy contents by 8-11% 

compared to conventional diesels, hence increasing the fuel consumption [35]. Applied to the 
shipping industry, a 50% biodiesel/ultra-low sulphur diesel mixture has shown a 38% BC 
emission reduction, whereas other tests revealed a 60-75% achieved reduction compared with 
HFO [35][84]. Though, it has been reported that the operating costs in marine engine propulsion 

would be too high [15], but this study dates from 2005 and biofuel technology was not as 
advanced as nowadays.  
 

¶ Methanol: 

Another possible fuel switch is to use methanol or dimethyl ether (DME) instead of 
conventional fuels. The interest in methanol as a marine fuel increased while the IMO sulphur 
caps were implemented, as methanol does not contain sulphur [70]. Hence, SO2 emissions can 
be drastically tackled, while other pollutant emissions such as NOx and PM can be significantly 

lowered, as well as CO2 and greenhouse gas emissions in some specific cases [70][77]. 
Actually, when produced from biomass resources such as biomass residues or black liquor 
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gasification, 95 to 100% CO2 emission reductions can be expected from the use of 
methanol/DME [35][70], as well as a 97% drop in particle number (hence, similar BC 
reductions can be expected but not with confidence, no reported data on this yet) [35]. If 
produced from natural gas, methanol has a similar carbon content as diesel and no GHG 

emission reduction is achieved [70]. In addition, 35% reduction in NOx emissions can be 
obtained from a switch to DME [35]. In [70], NOx and PM10 emissions were reduced from about 
55% and 99% on a small 313 kW, spark-ignited engine running at 64% maximum continuous 
rating, in comparison with diesel engine tests. A pilot project from Stena Line with the switch 

to a dual fuel MGO-methanol engine for a RoPax Ferry revealed emission reductions of 99% 
for SO2, 60% for NOx, 95% for PM and 25% for CO2 compared with HFO [78]. In [80], NOx 
emission reduction rates vary from 30% to 60%. However, a drop in fuel efficiency of about 
9% is reported with the use of DME [35], leading to additional necessary fuel consumptions.  

 

5.1.2. Slow steaming 

Slow steaming is another technique which gained interest in the recent years, as it enables to 
save fuel and hence reduces emissions of all pollutants at once [40]. This technique consists of 
reducing the sailing speed from a few knots as, in normal cruise conditions, the specific fuel 

consumption is almost proportional to the third power of the ship velocity [32]. Thus, by 
reducing the cruising speed, some fuel savings can be achieved, enhancing the shipping 
companiesô profitability [43] and simultaneously improving environmental performances. One 
study shows that reducing the velocity from 23 to 18 knots should theoretically reduce the fuel 

consumption by 50%, meanwhile 10% and 20% speed reductions are reported to enable fuel 
savings from about 15-19% and 36-39%, respectively [32]. Slow steaming can be realized 
either by reconfiguring an existing engine so that it is efficient under reduced load, or by setting 
up smaller engines on ships to sail at lower cruising speed [44]. The second option requires less 

initial investment but presents the drawbacks of being not reversible and also worsen the 
performances and the fuel consumptions of the ship if it requires to sail at a higher speed or in 
bad weather conditions [40]. 

A study from the Air Resources Board of California [45] revealed that applying slow steaming 
speed restrictions of the 24 nautic mile (nm) zone to the 12 nm zone and the ones of the 40 nm 
zone to the 200 nm zone plus high seas enables additional reductions of emission of CO2 from 

13% to 29%, respectively [40]. Simultaneously, the savings of fuel enable to reduce the 
emissions of NOx, SO2 and PM2.5 respectively from about 21% to 36%, 13% to 29% and 18% 
to 31% (see Table 10) [40][45]. This study from CARB was further developed in 2012 and they 
revealed that reducing the speed from 24 to 15 knots for container ship enable CO2 and NOx 

emission reduction per nm travelled of about 43-56% and 50-59%, respectively [68]. In 
addition, they showed that decreasing the sailing speed to 11 knots can further decrease CO2 
and NOx emission per nm travelled by 63% and 64%, respectively. The PM2.5 emissions per nm 
sailed were also revealed to be reduced by 69% when decreasing the speed from 24 to 12 knots 

[68]. However, this study also analysed the CO emissions which are negatively impacted and 
tend to increase, principally due to the engine performing at lower load factors [68]. Another 
study reveals that imposing a 12 nm speed limit in a 25 nm zone could cut PM emissions by 
one third [32]. BC emission reductions from 0 to 30% can also be obtained by reducing the 

speed from 25 to 18 knots if the engine is derated, however increase of emission can occur if 
the engine operates at lower load factors or if no derating is performed (average of +30% 
emissions if engine load is reduced to 40% without derating) [35][84]. In terms of economic 
impacts, the main costs come from the fact that the delivery times are higher, therefore more 

ships are required to achieve the same shipping of goods. Increasing the ship fleet could 



 TFTEI ï Shipping emissions ï December 2020 35 

however counteract some of the environmental benefits achieved while decreasing the cruising 
speed.   

Table 10: Reduction coefficients assumed for speed restrictions within the 12 nm zone, in the 200 

nm zone and high seas (sources: [45][40]) 

 

 

 

5.1.3. Slide valves 

The implementation of slide valves, in replacement of conventional fuel valves, enables more 
complete combustion at lower peak-flame temperatures [33][53]. Slide valves are now common 

techniques, already implemented on some newbuild engines and often retrofitted on old engines 
[33][35][53].  

By lowering the flame temperature, this technique enables reductions of NOx, PM, BC and 
VOC emissions [33][35][53]. NOx emissions can be decreased by up to 20% [62], while PM 
emission reductions by 10 to 50% are reported with an average reduction of 25% 
[32][33][35][53]. Conjointly with PM reduction, BC emissions are expected to decrease in a 

similar proportion, by 25 to 50% approximately [33][35][53][84].  

It has been reported that the use of slide valves can result in a 2% fuel penalty in consumption, 
thus implying some additional operating costs and increasing slightly CO2 emissions [35].  

 

5.1.4. New emerging alternative fuels or propulsion systems 

Other techniques to reduce the environmental impact of shipping based on alternative fuels such 
as hydrogen or ammonia or propulsion systems such as battery-electric or modern wind-
propulsion have emerged.  

¶ Hydrogen (H2): 

Hydrogen can be produced by electrolysis of water with renewable electricity (about 4%) or 
from fossil fuels (about 95% of nowadays production)[82]. Hydrogen can be used either in fuel 
cells, in dual fuel engines or instead of heavy fuel oil in diesel engines [81][82]. If it  is produced 
from renewable energy or nuclear power, CO2-free ships can be possible [81][82]. Indeed, 
hydrogen used in fuel cells emits zero óexhaustô emissions as the electrochemical reaction 

between hydrogen and oxygen, which produces electricity, produces only heat and water as by-
products [37][81]. However, the replacement of HFO with H2 requires five times more volume 
for liquefied H2 and ten to fifteen times more volume for compressed gaseous H2 [81][82], 
raising storage limits. Moreover, the compression and liquefaction of hydrogen are very 

expensive and energy-intensive as its liquefaction temperature is very low (-253°C)[37][82]. 
Finally, fuel cells are still a technology at the development stage, which is also expensive and 
space demanding [37].  

Up to September 2020, only three pilot projects of ships running on H2 exist, but no bunkering 
infrastructure is available [81][82].  
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¶ Ammonia (NH3): 

Ammonia is often used as a fertilizer, but it can also be used as a fuel for combustion or in fuel 
cells [37][82]. Ammonia is carbon-free, hence enabling CO2 emission suppression. In addition, 
it has a higher liquefaction temperature (-33°C) as well as a higher liquid density than hydrogen, 
which simplifies and makes less expensive its liquefaction and storage compared to hydrogen 
but not to oil-based fuels [82]. Up to now, 90% of the production is based on fossil fuels (mostly 

natural gas) as the production from renewable sources is very energy-intensive [81]. So far, its 
marine application is still at the research and development state [81]. Moreover, the ammonia 
toxicity raises some problems, which is one of the reasons why no ammonia-powered ships are 
operational [37][82]. 

 

¶ Battery-powered ships (electric or hybrid):  

Short-sea shipping enables to test new technologies as frequent stop and specific infrastructure 
are more available. Here, battery-powered ships gain attraction and there are about 450 ferries 
and offshore ships (in operation or ordered) which are equipped with this technology, of which 
about one-third is fully-electric, meanwhile Norway electrifies its ferry sector since 2015 

[81][82]. Hybridisation of ships have been reported to enable CO2 emission reductions of about 
10-40%, meanwhile electric ships can suppress CO2 from the exhaust and totally if the 
electricity generation is made from renewable or nuclear energies [37][82]. The installation of 
battery systems, including the needed replacement each 8-10 years, are significantly more 

costly than diesel engines [82]. 

 

¶ Wind-propulsion assistance: 

Various modern wind-propulsion solutions exist and have been tested, such as rotor sails, 
wingsails and towing kites. Depending on the technology and ship type, fuel savings of about 

5-50% can be expected [81], but typical annual savings about 8-10% were observed on 
equipped ships [83]. The Finnish company Norsepower systems have claimed that its Rotor 
Sail technology could avoid more than 30 Mt of CO2 per year if applied to the entire global 
tanker fleet [83]. However, some limitations are raised about this option such as for the deck 

layout, the loading processes and an increased heeling (tipping from side to side) [81]. In 
addition, the most encountered wind-propulsion solutions, kites and rotors, are estimated to be 
more effective at lower speeds (e.g., below 16 knots for kites)[37].  
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5.2.  Secondary techniques 

5.2.1. NOx reduction techniques: EGR and SCR 

In engines, NOx emissions are influenced by different parameters such as the type of fuel and 
their N content, the type of combustion, the combustion air-ratio and the flame temperature. 
Thus, to reduce NOx emissions, several measures can be implemented. 

 

5.2.1.1. Exhaust Gas Recirculation (EGR) 

The principle of this technology is to create a recirculation of the engine exhaust gases back 
into the combustion chamber so that the combustion temperatures and pressures are lowered 

[26][27][29]. To do so, an intercooler is positioned on the recirculating path to lower the 
temperature of the exhaust, which increases its heat capacity and decreases its O2 content to a 
smaller concentration than in the air. Hence, the temperature of combustion in the engine is 
lowered which thus hinders the thermal NOx formation [26][27]. Since the input of the EGR 

system must be cleaned gases to prevent corrosion or clogging of the engine, which would 
decrease its efficiency or increase the maintenance costs, this technology needs to be combined 
with diesel particulate filters (DPF) or a scrubber in re-circulation line [26][29][77]. 
Nevertheless, there is no operating restriction in terms of the fuel sulphur content or the load 

operation. In addition, an electronic control system is required to operate the EGR technology 
[26]. 

The NOx reduction efficiency of EGR varies with the recirculation rate, but the smoke 
formation and the fuel consumption increase at higher rates [77].On compression ignition diesel 
engines, the EGR technology has a good NOx-reduction efficiency which varies from 25% to 
80% depending upon the application [26][55]. Using an EGR can also enable BC emission 

reductions up to 20%, since the exhaust gases need to be cleaned through scrubbers or DPFs, 
but the recirculation can also increase the build-up of soot in some conditions [33][35]Erreur  ! 

Source du renvoi introuvable.. A test on the first generation of MAN EGR revealed that with 
20% of exhaust recirculation rate, a 50% NOx emission reduction could be achieved with a 3% 

sulphur residual fuel [28]. Moreover, the second generation of MAN EGR is supposed to 
achieve compliance with Tier III NOx limits with 40% of recirculation rate [27]. The EGR 
system though implies a reduction of the engine power and a potential increase of fuel 
consumption of about 0-4% [26][77]. However, it was shown that EGR systems are more 

efficient in terms of fuel savings than doing engine adjustments and lowering the load factor, 
to achieve Tier III thresholds [27]. The additional electrical power required to operate the 
scrubber or water treatment system is estimated to be about 1.6 kW/MW for 0.1%S fuel and 
3.3 kW/MW for 3.5%S fuel [29]. For the EGR unit, the additional power supply needed, related 

to the EGR blower, varies from 2.8 to 5.5 kW/MW for load factors of 25% and 100%, 
respectively [29].  

The EGR system has been demonstrated to reduce NOx emissions to ensure compliance with 
Tier III levels for two-stroke engines while it has not yet been applied to medium -speed engines 
[26][27][92], the main challenges being the high SO2 and PM concentrations in the exhaust gas 
[77] and the significant fuel penalty. Furthermore, this technology is not well suited to be 

installed on existing engines because of the major operations of integration to perform on the 
engine [26].  

 

The implementation of EGR systems can result in an increase of CO and PM emissions, if not 
operated according to the manufacturer instructions.  In order to prevent increased wear of the 
engine and the need for more frequent maintenance, the recirculated exhaust gas is cleaned by 
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an internal EGR scrubber. The EGR scrubber is a closed-loop scrubber with an integrated water 
treatment system which can be operated for an extended period of time in zero-discharge mode 
[92]. 

 

 

Figure 8: Exhaust-gas recirculation system - 2-stroke low-speed engine (source: [92]) 

 

5.2.1.2. Selective Catalytic Reduction (SCR)  

The aim of the SCR technology is to cut-down the NOx emissions via a chemical reaction over 
a catalyst [26][27][29]. To do so, nitrogen reducing compounds such as ammonia water solution 
(NH3) or urea are used as the selective reducing agent so that the reaction products are nitrogen 
(N2) and water (H2O)[26][27][29]. Different forms of ammonia are used in the SCR technology, 

but the most common solution used in vessels is a mix of 40% of urea and water [26]. During 
the process, the reducing agent is injected as a spray into the exhaust duct right before the SCR 
reactor.  

For marine application, the active catalyst material commonly used is vanadium oxide, which 
is combined with titanium oxide in a washcoat over a honeycomb ceramic or metallic structure 
[77]. Other catalyst materials such as zeolites can also be used, but these are usually sensitive 

to sulphur poisoning [77]. 

The consumption of urea solution depends on the amount of NOx which is aimed to be reduced 
[26]. Anhydrous ammonia could also be used but it is classified as a toxic and dangerous 
substance; however, its supply system is more complex than for urea but the storage volume 
required is smaller and the vaporizing and mixing process are simpler than for urea [29]. 

The SCR technique can be used with any marine fuel oil, however the catalytic reaction is more 
efficient at lower SO2 levels in the exhaust gas, and at higher temperatures [77]. It enables to 
reduce drastically the NOx emissions with efficiency varying between 70% and 95% depending 

on the operating conditions [26][27][37][77]. BC emissions can also be reduced to some extent, 


















































































